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This manual was written primarily to assist undergraduate students 
in field training. It also offers some specialized procures and data 
to advanced students and professional geologists. To keep the book 
a reasonable length, the more specialized materials are presented by 
brief descriptions, outlines, and diagrams. I have tried, however, to 
describe basic procedures in enough detail so that students can follow 
them with little if any supervision. It is assumed that the reader can 
identify common rocks and minerals and is acquainted with geologic 
structures and the basic principles of stratigraphy. Although a know]* 
edge of petrography is desirable for some of the studies described in 
the last four chapters, it is not essential for the field procedures tiiem- 
selves. 

The first eleven chapters deal primailly with techniques and basic 
concepts of field work. Although esmh of these chapten can be used 
independently, they are organized as a unit to help guide the student 
from one stage of his training to arsother. Chapter 1. for example, 
describes note taking and collecting for general field work, and also 
provides suggestions for students who want to collect data and speci¬ 
mens before starting a formal course in field geology. Chapter 2 
describes the basic uses of the compass, dinomoter, and hand level 
Chapter 3 introduces tnversing by pace and compass methods and 
describes a complete field prefect suitable for the beginner. Proce¬ 
dures for plotting geologic features on base maps and aerial photo¬ 
graphs are given In Chapters 4 and 5, which also include a general 
discussion of rock units and contacts. The next four chapters 
comprise a related sequence, describing first the instrumental methods 
used in making maps of areas for which there is no suitable base, and 
then suggesting consecutive steps for plane table and aerial photo¬ 
graph projects. Chapter 10 introduces techniques used in detailed 
geologic studies, and includes a discussion of systematic sampling. 
Chapter 11 concludes the fint group of chapters with suggestions on 
report writing. 

The remaining four chapters have several purposes. First, I wished 
to emphasize the importance of observations and interpretations made 
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at outcrops and h»ve therefore described and illustrated a number of 
pertinent features and relations. Second, to help students attack spe¬ 
cific problems, I have suggested ways to organke specialized studies 
and have dted references that present detailed examples of such 
studies. Third, the chapten bring together descriptions and ckssifi- 
catiODs of rocks and structures that may be helpful in many types of 
field projects. 

Most of the drawings in the last four chapters are based on actual 
outcrops. I have included (and occasionally emphasized) some un¬ 
usual rodci and relations, hoping to encourage consideration of all 
possible hypotheses. I have also emphasized some topics because 
they are relatively new or, I feel, have been slighted elsewhere. Some 
of the reference wore selected to help in finding other systems and 
ideas. 

Many persons have contributed to this manual either directly or 
indirect. I appreciate deeply the initial field training I received from 
Randall E. Brown. A. C. Waters, and Howel Williams, who wore 
and inspiring teachers. Many of the procedures were worked 
out during the 10 years I have Uught Stanford’s field geology courses, 
and I gratefully acknowledge the many contributions made by students 
and Instructors. Ben M. Page, who formerly directed these courses, 
has been especiaUy generous with his ideas and materials. 

I wish to thank Laurence H. Nobles for reading and critidzing the 
entire first draft of the manuscript, and Francis H. Moffitt, who made 
many valuable suggestioas pertaining to the diapten on surveying and 
aerial photographs. Valued assistance on individual chapters and sec¬ 
tions was given by C. M. Gilbert, V. E. McKelvey, S. W. Muller, P. J. 
ShenoD, A. C. Waten, L. E. Weiss, and Howel Willjaim. William R. 
Ehekinson and Thane H. McCulloh abo made important suggestions 
regarding several chapters, and several of my colleagues kindly dis¬ 
cussed specific Items with me. Robot G. Coleman, Allan B. Griggs. 
H. L James, Douglas M. Kinney, and William R. Moran generously 
supplied useful materiab and ideas. Permission to use or redraw 
illustrations was given kindly by a number of persons, who are ac¬ 
knowledged individually in the figure captions. 

Finally, I am very grateful to my wife, Ariel, who not only helped 
prqrare the manuscript but also read it several times and made many 
suggestions that impmved it 

RoiBiT R. Compton 

St^ord, Cobfemto 

StpUmbfr. im 
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1—1- Gvntfal Satii of Fiold Goology 

To geologists, the fitU is where rocks or soils can be observed in 
place, and field $eoU>gy consists of the methods used to examine and 
interpret structures and materials at the outcrop. Field studies are 
the primary means of obtaining geologic knowledge. Sorrve studies 
may be as simple as visiting a single outcrop or quarry, making notes 
and sketdies on the relations between certain rocks, and collecting 
a suite of specimons. Others may require weeks or months of geologic 
mapping, systematic sampling, and careful integrating of field and 
laboratory measurements. 

Geologic mapping is so essential to many field studies that it is 
sometimes coiuidered synonymous with “field geology.*' Maps are 
used to measure rock bodies, to plot structural measurements, and to 
relate many kinds of data. Frequently, they permit interpretations of 
features that are too large to be studied in single exposures. Many 
folds and faults, for example, can be discovered only by geologic map* 
ping, and even if they can be seen in outcrops, they must be mapp^ 
over large areas to be ursderstood. Geologic maps are also used to con¬ 
struct such important projections as cross sections. Together, maps 
and sections are an ideal means of presenting large amounts of in¬ 
formation to other persons. 

Although mapping may be essential to a field study, observations 
made at individual outcrops are fundamental. Rocks must be identi¬ 
fied before they can be mapped. Moreover, many genetic relations 
can be understood only after exposures are examined in detail. No 
amount of mapping can supplant these crucial observations. For ex¬ 
ample, a detail^ map of an igneous body might show only that it is 
a concordant layer between sedimentary formations. Relations at one 
or two outcrops, however, could demonstrate that the body is a lava 
flow rather than a sQL Once this is established, obscure features asso¬ 
ciated with the flow might be identified and then utilized in further 
interpretations. 

Field afedles os a scienflOc method. Because the geologist is con¬ 
tinuously observing relations and making interpretations In the field. 
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his geoeral methods may be compared with the classical scientific 
method In its conventional fonn, the scientific method consists of 
several steps. The investigator first observes and collects data. He 
then formulates a hypothesis to explain these data. Next, he tests the 
hypothesis in all possible ways, particularly by studying additional 
relations that can be predicted on its basis. If the bypotheeis survives 
all tests, it is considered tentatively verified; if not, another hypothesis 
must be formulated and tested. 

In geologic studies it is often most effective to consider all possible 
hypotheses together. C. K. Gilbert (1886, p. 286) explained this pro¬ 
cedure as follows: 

There is indeed an advantage in entertaining several (hypotheses) 
et once, for then it is possible to discover their mutual antagonisms 
and inconsistencies, end to devise cnwial tests—tests which wfll neo 
esssrily debar some of the hypotheses from further consideration. The 
process of testing is then a process of eliminslion, st least until ail but 
one of t^ hypoAeses have been disproved. 

If only one hypothesis is utilized, or if one is adopted too quichly, 
there may be a tendency to overlook evidence that would disprove it. 
T. C. Chamberlin (188^) discussed this problem thoroughly in his 
description of HThe method of multiple working hypotheses,” a paper 
recommended to all geologists. 

One reason why many hypotheses should be considered in the field 
is that outcrops cannot be revisited to test every new idea. Further¬ 
more, different kinds of data may be so interrelated that all must be 
studied together to be undentood. Field studies must thus go far 
beyond a mere mapping and collecting of Individual rocks or stru> 
tures. Even a simple rock specimen will lack potential meaning if not 
selected in li^t of all associated features. 

Because the geologist uses the scientific method continuously as 
he works, he must be well armed with hypotheses when be goes into 
the field. He must also use imagination and ingenuity at the outcrop. 
If none of his Initial ideas withstands testing, several possibilities 
should be considered. Some hypotheses seem to fail because data were 
collected on the basis of incorrect assumptions, or because information 
was classified inconsistently on a map. In other cases, tentative hy¬ 
potheses are too simple to account for natural events, and more 
complex possibilities should be considered. 

Initrpnfing complex refcitiens. Geologic features as simple as those 
diagrem™?^ in textbooks are rarely found in the field. Even those 
features that at first appear simple will commonly have smsdl but im- 
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porUoit complexities. These complexities are not impedimeots; they 
are often the keys to uodentandlng an association of features. 

One type of complex relation is formed where two or more processes 
act at the same time. The weathering of a given rock, for example, is 
typically a composite effect of several mechanical and chemical proc* 
esses. To interpret the overall effect, it is Snt necessary to 
how each process would work alone and then to consider bow the 
processes would modify each other. By examining nwiny outcrops it 
is generally possible to find places where single processes have been 
dominant. To interpret the weathering of a san^ona, for example, 
mechanical changes might be studied at exposed rock ledges, whereas 
chemical changes could be seen in valley-bottom soil profiles. The 
effects of combined processes oould then be studied at various inter¬ 
vening localities. 

A second type of complex relation is caused by overprinting of two 
or more geologic events. The determination M relative ages from 
these outcrops provides a means for interpreting geologic history. 
Relative ages are determined by noting how older features are modi¬ 
fied relative to younger ones. An analysis should be started with the 
age relation that is shown most clearly sikI then extended, step by step, 
either backward or forward in geologic time. It is often necessary to 
know the shapes or positions of features in intermediate stages, and 
this can be done by analyzing and then removing the effects of later 
events. Where a vein has been folded, for example, it may be possible 
to establish Its original shape and orientatioD by first measuring folds 
in surrounding beds, and then unfolding the beds back to simple planar 
forms. Events that are obscure in one outcrop may be obvious in 
another; by plotting many outcrops on a map. one event can be re¬ 
lated to the others, both in space and time. 

A serious error that can be avoided by studying age relations thor¬ 
oughly Is that of concluding that features have a causative relation 
merely became they are closely associated. This error is especially 
easy to make if the association Sts a well-established theory. If, for 
example, quartz veins are associated with homfelses throughout a 
given area, it might be tempting to conclude that they were both 
caused by one agent—an intrusive magma. A thorough study might 
show, however, that the veins also formed in much younger rodcs and 
were therefore not ceused by the contact metamorphism. Perhaps 
they formed ahurvdantly in the homfelses because these rocks frac¬ 
tured readily. 

Outcrops are sometiines so complex or so sparse that no certain con- 
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cbiioos can be reached from a field study. The study may still have 
great value, however, if the observations are described fully in a re¬ 
port. In many cases, the geologist can slate the relative probability 
of several alternate hypotheses. The uncertainties may be resolved 
when more data become available or when laboratory or mathemat¬ 
ical tests axe made. 

t-2. flanning a Field Frojert 

Geologic field projects generally proceed in three stages: the stage 
of planning; the stage of mapping, observing, and collecting; and the 
stage of preparing a report. The effectiveness of a project is determined 
largely during the planning stage. There are few cases where the 
geologist can study all kinds of data and relations thoroughly, and he 
must therefore select the scope of hU study and plan his work so that 
the most pertiiwnt data are collected. It is essential to know clearly 
the purpose of a given project The purpose may be simple and clear 
from the outset, as in some studies of economic deposits. In many 
purely scientific studies, the purpose should be reviewed after con¬ 
siderable reeding, discussion, and thought. In addition to the principal 
obicetive, there may bo several subsidiary ones, which are sometimes 
to evaluate until field work Is well underway. 

It Is wise to plan a project in such a way that its scope can be in¬ 
creased or changed to a reasonable degree during the field season. 
For this reason, moderate amounts of extra equipment and supplies 
should be taken to the field. Although specific steps vary, the follovr. 
ing recommendations should be considered in planning. 

1. Determine if other geologists are working in or near the area 
of interest by inquiring at state and federal agencies and appropriate 
companies and colleges. Correspond with them to determine whether 
a new study would duplicate their work needlessly. 

2. Accumulate and study reports and maps of the region in order 
to gain an understanding of the broader features of the geology and 
geography. Determine what is known, specifically, about the prob¬ 
lems and relations that fall within the scope of the study being planned. 

X Visit dke area in order to reconnoiter its topography aitd geology 
and to obtain permission for camping, mapping, and collecting. If 
a visit b not possible, do these things as completely u correspondence 
and dbcussioos will permit 

4. Determine the scales and quality of maps and aerial photographs 
of the area. If these will not provide an adequate base for geologic 
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mapping, consider what means will be used to construct a map. Will 
a topographic (contour) map be needed? What is the smallest map 
scale that will be useM? What are the most effident surveying metb* 
ods which will give adequate precision to the work? 

5. Evaluate the probable schedule and costs of the project. To 
do this effectively, consider not only the mapping procedures but also 
how well the rocks are exposed, how accessible the area is from a 
base camp or office, and to what degree the weather is likely to inter* 
fere with field work. 

6. Order maps, aesial photographs, and various other field and office 
equipment, allowing plenty of time for delivery. The cbedc lists of 
Appendix 1 may help in doing this. 

7. Reread criticsdly all reports that pertain to the area, as well as 
books or papers that present basic ideas and methods pertinent to 
the project Accumulate as complete a field library as possible, and 
photograph, copy, or abstract items that cannot be taken to the Geld. 

1-^. ftaiic Field Equipment 

The basic equipment needed for examining, describing, and col¬ 
lecting rodcs is trrodest in amount and need not be expensive. It con¬ 
sists of a hammer with either a pick or chisel point at one end, a hand 
lens, a pocket knife, a notebook or looseleaf clip folder, a 2H or 3K 
pencil or a good ballpoint pen, a 6-lnch scale, heavy paper or doth 
bags for coUoctiDg samples, and a knapsadc fcv carrying lunch and 
field gear. 

The field notebook must be ooiuldered and sdected with care be¬ 
cause the notes recorded in it will become part of a permanent record. 
The paper should be of the highest quality, for thin and inexpensive 
papers tertd to disintegrate in dry climates, and heavily filled (“slick**) 
papers wrinkle permanently when dampened. Top-quality engineer's 
level-books (standard 4H X 7% in-) with water-resistant paper and 
waterproof covers are an excellent c^ice. They are small enough to 
fit in a trouser pocket and are bound so that they can be opened flat 
or folded back oover-to-cover. The U.fi. Geological Survey uses a 
somewhat larger (5^ X 8H In.) book that is bouitd at the upper 
edge and has perforated pages that can be removed easily and re¬ 
organized during the report-writing stage. 

The possibility of using standard (8H X H in.) looseleaf sheets for 
notes should also be considered These sheets give extra space for 
sketdses, accessory maps, and sections, and they may be carried in 
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a dip {older that b large enough to cariy field maps or aerial photo¬ 
graphs as well. This has the advantage o{ reducing the number of 
items of field gear. The individual sheets, however, must be labeled 
and stored with care so that they will not be misplaced. If the climate 
In the field area Is either very dry or quite wet, the sheets should be 
made up from the heaviest ledger stodc available. 

The dip folder must measure at least 9)4 X 11 in. in order to bold 
9 X 9 in. aerial photographs. An excellent one can be made by using 
)4-lDch Masonite for a baseboard and a sheet of heavy plastic or 
cardboard for the cover (Fig. 1-1). Some geologists prefer an alumi¬ 
num folder with a steel spring hinge, and this type of carrier is indeed 
good for wet or dirty woddng condiboos because of the tight fit of the 
binge and cover. For average mapping, however, its extra weight and 
ratba sharp edges are undesirable. It also tends to become very hot 
when left in the summer sun for a few minutes and exceedingly cold 
when carried in freezing weather. Moreover, the oommon 8)4 X 11 
tn. size Is not large enough for 9 X 8 in- aerial photographs. 

For note taking, various drawing pencils and ballpoint pens should 
be tested. A good baltpoint pen gives dark, legible copy that will not 
smear on good paper, will erase reasonably well, and is more or less 
waterproof. It may clog, however, under dusty working conditiotu, 
and even the best pen may run out of ink in the middle of a day’s 
work. 'Use ideal peivdl produces legibly dark copy that will not smear 
easily. The optimum hardness of its lead will depend on the paper, 
the individual, and the climate (damp paper is gouged by even mod¬ 
erately hard pendk). Ccnefally, something from H to 3H is best. 
A cap eraser and a pocket dip should be put on each pendl, and at 
least one extra set should be available in camp in case one is lost in 
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the field A fountain pen should be used only if the ink is known to 
be waterproof and permanent 

Hand lenses used in most field studies should magnify 10 to 15 
times, although additional higher or lower-power lenses may be needed 
for some determinations. Relatively high-powered lenses have a small 
field, a short depth of focus, and must be held very close to the object 
being examined. They are therefore more difficult to use, eepecially 
where lighting is poor. Regardless of its magnifying power, the 
quality of a lens should be tested by focusing on both smooth aikd 
rough surfaces. The magnified image should be sharp throughout, 
even near its edges. Three-element lenses generally give undistorted 
images. 

An ordinary geologist’s hammer is adequate for most rocks, but a 
hammer weighing about 2 lb may be needed to collect hard rocks 
(tough sandstones, lavas, homfelses, and so forth). Rectangular 
comers and edges on the striking end of a new hammer should be 
hammered or filed to a bevel because they may send off steel chips at 
dangerous speeds when stnidc against a tough rock. 

Preperofions for wot woathor. Wet weather should be anticipated; 
it can upset a field sdiedule seriously. Maps and aerial photographs 
can be waterproofed completely by painting or spraying them on both 
sides with transparent plastic Notepaper can be treated in the same 
way, or it can be dipped in a solution of paraffin and a volatile solvent 
Paraffin should not be used on maps or photographs because they 
cannot then be marked with ink. The most serious damage to maps 
and notes is caused by slipping on steep muddy slopes, and this can 
be remedied by wearing nailed boots. In order tlut field work In 
rainy areas will be thorough and consistently precise, the geologist 
should clothe himself so that be will be comfortable (though not 
necessarily dry). 

1-4. Toking Oaelegic Netas in the Field 

Brief descriptions are recorded in the notebook as rocks and other 
geologic features are discovered and studied in the field. This must 
always be done directly at the outcrop, for it is difficult to remember 
accurately the host of facts and ideas developed during a day’s work. 
Field notes serve as a basis for writing a rq>ort after the field season; 
furthermore, they may be an important record for other geologists who 
become interested in the area. They also serve to make the geologist 
think more critically and observe more carefully in the field. 
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Most of the itcou recordod in the notebook will be factual data on 
the geology. Many of these facts are best recorded by word deecr(p> 
boos, but drawings or diagrams should be tised wherever they save 
time and space or add clarity. In many cases, small accessory maps and 
cross sections serve to record large amounts of data briefly and clearly. 
With exceptions that will be noted elsewhere, the items recorded should 
not duplicate data that can be recorded on field maps; for example, 
strike and dip of beds are generally plotted by a symbol on the map, 
not recorded in the notes. Where a photograph is taken, a simple dia¬ 
gram noting the directiOD of the view and labeling its important fea¬ 
tures is likely to prove valuable. The notes shown in Fig. 1-2 include 
examples of various kinds of entries. 

Use discontinuous nature of rock exposures makes it necessary to 
base some geologic relations on inferesKxs rather than m observable 
facts. It is important to enter these inferences in the notes, though 
each note must show clearly that it is an inference. Hypotheses should 
also be stated and reviewed in the notes because interpretation must 
go hand in hand with observation. Even gross speculations and vague 
ideas have a valued place In field notes, as long as they can be identi¬ 
fied for what they are. 

Each person will develop a somewhat different style of note taking, 
but all notes must be legible, accurate, and as brief as clarity wiD 
allow. Use of engineeiing-style (slant) lettering rather than longhand 
writing will contribute greatly to each of these requirements. Field 
notes are not rapid scratches or memoranda made merely to aid the 
memory, but rather a record that li taken to be used at some future 
date, perhaps not by the person wbo made it Common abbreviations 
should be used (Appendix 2), but vowels sbotild not be extracted at 
random to save a few inches of note space. Highly abbreviated copy 
may be more or less intelligible to its originator, but it is likely to 
require a lengthy and unsure translation by anyone else. Explanatory 
lists of all but the commonest abbreviations should be added to the 
notes befoire they are filed away after the field season. 

If notes are taken on loosdeaf sheets, the top of each sheet must 
bear the date, the geologist's name, a brief geographic title or de¬ 
scription of the area covered by the page, and the name or number of 
the base map or aerial photograph used. If a permanently bound book 
is used, these data must be recorded on the first page of each da/i 
entries. A margin of about IH should be reserved on the left-hand 
side of each sheet for notations that call attentioo to specimens, photo- 
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graphs, or special problems (Fig 1-2). Cooiecutive numbers are 
placed along the right side of this margin as each outcrop or relation 
is described. 

Just where and bow often notes should be will vary greatly 
with the study, and only experience will allow the geologist to set 
an optimum pace. It may be helpful for the beginner to review and 
summarize his notes each evening; by doing this be will more quickly 
get a feel for the relative value of his various cntilm. In general, it 
is better to record too much data than to have to revisit an area. 

1-S. Deicripdens Entered in Notes 

Exactly what data should be recorded in field ootee will vary with 
the project. In most geologic surveys, the notes concentrate on do* 
scriptions of rocks and structures, especially those features that in¬ 
dicate the origin of the rocks or their relative ages. As a field project 
gets under way. these desoriptlons typically cover one outcrop at 
a time, in the order in which they are found and As the 

geologist becomes more famibar with the rock formations and struc¬ 
tures, hit notes should record criticsU descriptions of features that have 
been traced through a series of outcrops. This organization is very 
important because it keeps notes from becoming repetitive and dif¬ 
ficult to use. 

Before the geologist leaves the field for the season, be should make 
sure that his field notes include full descriptions of rock units and 
structures in all parts of the area be has surveyed; otherwise he will 
not be able to write an accurate rqiort on them. 

In Fig. 1-2, note 1 is an example of a rock description made on 
the basis of a sin^e outcrop, while note 8 is an example of a more com¬ 
plete bthologic description relating to a number of outcrops. Litho¬ 
logic descriptions are more usable if recorded in a fairly systematic 
>vay, as by the outline that follows. 

1. Name of unit arkl/or brief rock name. 

2. Specific locabty or area to which description applies. 

3. lliidcness and overall structure or shape of unit in this area. 

4. Main rock types and their disposition within unit 

5. Cross characteristics of area underlain by unit (topograi^iic ex¬ 
pression, color and type of soil, vegetation, nature of outcrops). 

6. Characteristic structures of unit. 

a. Range of thicknesses and average thickness of beds or other 
layered structures. 
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b. Shape* of beds or other strochire* (tabular, lenticular, Hrveate, 
etc). 

c. Primary featurm within bed* or other structures (grading, 
laminadoas, cross-bedding, channeling, distorted flow banding, 
indusioos, etc). 

d. Characteristic secondary structures, espedally cleavage and 
promirtent weathering effects. 

7. Fossils (espedally if a lithologic characteristic of unit). 

a. Distribution (rf fossils. 

b. Spedal characteristics of fossiliferous rocks. 

c. Position af»d eoodition of fossils (growth position, fragmental, 
rounded, pitted or fluted by solution, external or internal 
molds, etc). 

8. Descriptioo of rocks, with most abundant variety described fint. 

a. Color, fresh and weathered (of wet or dry rock?). 

b. Induration (of weadiered or completely fresh rock?). 

e. Grain (range of sizes and prirtdpa] or median size), 
d Degree of sorting or equigranulirity, 

e. Shapes of grains. 

f. Orientations or fabric of shaped grains, espedally in relation 
to rock structures. 

g. Nature and amount of cement, matrix, or groundmass. if any. 
k Nature and amount of pores (porosity), and any Indications 

of permeability (is this of truly fresh rock?). 

I Constitudoo of grains (minersd, Uthic fossil, glass) and their 
approximate percent by vohune. 

9. Nature of contacts. 

0 . Sharp or gradational, with descriptions and dim«.nsions of 
gradations. 

b. All evidence regarding possible unconfonnable rdations. 

c. Criterion or criteria used in tracing contact in field. 

Care must be used in determining Uie colors, indxxration, and min* 
eralogy of units that are weathered almost everywhere, otherwise tijeir 
“typicaT recorded lithology can be totally unlike descriptions of die 
same unit in drill cores or mine samples. This does not mean that 
weathered materials should not be examined, for weathering may 
make it possible to see structures and minerals that cannot be seen 
readily in fresh rode. 

Faults, unconformities, and intrusive contacts are examples of struc* 
tures that are likely to require systematic and thorough descriptions 


13 


ObMrviAO and Cof/MMng Defo and Somplas 

in the field notes. Note 4 of Fig. 1-2 ilhistmtes a note on a major 
fault In all cases, even the most minor things that may relate to the 
origin of the rocks or structures must be described with care. Photo¬ 
graphs or drawings showing detaib of structures are likely to prove 
very useful, and the locations of outcrops where relations are especially 
clear should be described fully. 

1-6. Collecting Reck Samples 

Even though fairly thorou^ lithologic descriptions are made in 
the 6eld, rock samples must be collected for a number of reasons. 
Many rocks can be identified more exactly in the camp or office where 
help may be bad from a microscope or a more experiesiced geologist. 
Accurate determinations of porosity and permeability, which must be 
made in the laboratory, require especially thorough and careful sam¬ 
pling of fresh materials. Important mineral ratios, such as that be¬ 
tween dolomite and caldte in carbonate rocks, are best determined in 
the laboratory. Where several people are studying an area jointly, 
rock samples must be xised to standardize frames and descriptioirs. 
Even when a geologist Is working alone, representative samples ore 
useful in making comparisons between widely s^Mrated parts of an 
area, particularly when the final report on the arn is written. 

The Rsost important specification for a sample is that it be truly rep¬ 
resentative of the unit studied; this means that an outcrop, or prefer¬ 
ably several outcrops, should be examined carefully before a sample is 
selected. Where rocks are variable, ruites of small samples of the 
principal types may be more useful than a single '‘average' specimen. 

Specimens should be broken directly from the outcn^, and if their 
exact source can be marked on the outcrop with a Int of doth, colored 
tape, paint, or colored crayon, so much the better. Unweatbered sam¬ 
ples are generally preferred to weathered ones; the ideal specimen has 
one weathered side but is otherwise unweatbered. Size specifications 
for samples vary with the grain size and homogeneity of the rock. For 
homogeneous rocks with grains smaller than Hs hi., samples measuring 
about 3 X 4 X 1 in. are generally adequate, but rocks with grains as 
large as ^ in. are likely to require samples about twice that size. Still 
larger samples should be collected if rocks are coarser grained or 
show such small-scale structures as thin beds, primary igneous layers, 
or coarse metamorphic layers or veins. The comments on sampling 
given in Section 1(^ may also be helpful, especially if samples are 
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being collected for the purpose of detennimng the bulk compositioa 
of a rode or rock unit. 

If or other foliate structures are not obvious in the sample, 

it should be fitted back to the outcrop and the direction of the planar 
structure marked on it with a felt-tip pen, a crayon, or a piece of tape. 
If the direction of the top of the speedmen is alio marked, and the 
structural attitude at the locality is recorded on the map, the specimen 
may later be studied relative to the structures of the map. These 
odented specimens are particularly valuable for penneabiUty teets and 
all types of petrographic studies (Section 1&-12). 

The only reason to sise or trim samples with any care is to make 
them fit coDection drawers of limited sis^ otherwise the time spent in 
trimming should be spent at the next outcrop. In many cases, a 
fairly flat and well-shaped sample can be obtained in a few blows by 
striking a spall off an angular edge or corner of an outcrop. This 
must be done with care, however, because these spalls can seriously 
injure one's shins, face, or eyes. There are two other warnings regard¬ 
ing use of a bammar: (1) heavy blows should never bo struck on a 
bard rock when other penoni are watching nearby, and (2) if one 
hammer is used to strike another heavily, where the latter is being 
driven in as a wedge, steel chips can be thrown off at dangerous speeds. 

1-7. Collecting Fossili 

Fossils are collocted for three basic reasons: to determine the 
geologic age and sequence of rodo. to correlate rock units with other 
fb$sllif«ous rocb, and to help in determining the environment of 
deposition of sediments. Each of these reasons is so important that 
fossils should be sought In every bnd of sedimentary and pyroclastic 
rock and when found should be collected with care. Nor should it 
be assumed that metamorphic rocks are necessarily unfossiliferous. 
A few poorly preserved fossils from slates, phyllltes. quartzites, or 
marbles may do more toward solving the major structures of a meta¬ 
morphosed terrain than hundreds of structural readings. 

Before beginning a fidd study, it should be determined what kinds 
of fossils will be particularly useful A geologist preparing for a sur¬ 
vey of late Paleozoic rodcs, for example, should acquaint himself 
with the appearance of fusilinids. ostracods, brachiopods, and various 
key moDuscs. He can do this by examining collections and discussing 
the possibilities with a paleontologist, or he can examlise photographs 
and detailed drawings in books and papers. If possible, he should take 
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(o the field a small Ebrary or coUectioo of drawings and photographs 
inustratiDg the main fonns. 

Fossils are so scarce in some areas that finding them may be a con> 
siderable problem. The initial search should be concentrated on flo at 
and weathered outcrop surfaces because fossils that are nearly in¬ 
visible on a freshly broken surface generally weather so as to contrast 
with thdr matrix. Typically, weathered fossils are Eght gray, pale 
tan, or udiite, though ioa>e may be colored dark gray or black by car- 
botsaceous materials. The geologist should make a practice of giatsc- 
ing at as much fragmental material as possible, no matter how many 
times he has walked across an area. Where fossiliferous float Is 
found, it should be traced uphill or upstream to its source. Even if 
the source cannot be found at once, the fossils should be numbered, 
their location marked on a map. and a note entered to describe their 
location and the manner of their occurrence. They should be saved, 
for they may eventually prove more valuable than anything broken 
from an outcrop. If the search is unfruitful, it is worthwhile to get 
advice from a paleontologist since be can generally point out the sorts 
of rocks that are likely to be fossiliferous. 

In sequences of clastic noncalcareous rocks, beds containing such 
fossils as molluscs, echJnodenrts, and large foraminifera typically stand 
out as relatively resistant calcareous ribs. The fossils may also occur 
in calcareous concretioiu. Weathered outcrop surfaces of these rocks 
are irregularly fluted and here and there a particularly well-preserved 
fossil may be etched into reUef. In sequences of limestones, sandstones, 
and calcareous shales, such foesils as algae, niolluscs, corals, echino- 
derms, brachiopods, and foraminifera are likely to fonn massive reef¬ 
like accumulations (bioherms) or thin, ridily fossiliferous beds. These 
structures should be sampled critically because large and spectacular 
specimens consisting mainly of algae and corab may not be diagnostic 
Well-preserved fossib of floating or swimming inNertebrates like am¬ 
monites and foraminifera, and thin-shelled animab like trilobites, are 
best sought in bedded shales and fissile or thin-bedded limestones, 
while the delicate and Important graptolites are generally found in 
laminated shales or limestones that can be spUt easily along bedding 
planes. 

Fossil bones and teeth occur in a great variety of sedimentary and 
volcanic rodcs, but remains of the more valuable terrestrial vertebrates 
occur most frequently in nonmarine lacustrine, fluviatile, or deltaic 
deposits. These rocks are commonly varicolored in shades of red, 
green, maroon, or gray. Small bones and teeth that weather from 
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friable sandstoiwa and rilUtones may accumulate in loose material 
under steep ledges. These fragments can be found most quickly by 
sifting the loose materials; because of thdr weight and slae, they may 
also be concentrated In nearby rivulet channels. Fossil bones from un* 
consolidated Tertiary and Quaternary sediments can be distinguished 
from modem bones by thdr greater weight and by the fact that they 
do not give off a strong odor when held to a flame. If bones or teeth 
are already looec, they may be packed in a great deal of soft paper 
and transported, but If they are found in an outcrop, they should not 
be rerrsoved from their matrix until a vertebrate paleontologist has seen 
them. He will use spedal techniques to remove and pack the fossils; 
fuitbemvore. If he can see the posibon of the fossil* in the outcrop, 
be may be able to locate more parts of the same animal If only a few 
vertebrate fossils can bo collected from a remote locality, the teeth, 
skull, and foot bones are likely to be most valuable. 

Fossil leaves, flowers, and seed pods that show structural details 
are valuable fossils, though paleobotanists may need a large collection 
from one locality in order to determine thdr age or to suggest a 
correlabon with other rock uniU. Leaves arwl flowen generally occur 
as brown Impressions or gray to black carbonaceous Aims on the 
bedding planes of shales, slates, or thinly bedded water-laid tuff^ 
The carbonaceous films are fragile, thus the rock slabs must be handled 
carefully and wrapped individually in soft paper. Well-preserved 
fossil wood is occasionally useful for approximate age determinations 
or for correlations; it may provide useful indications of dimabc con¬ 
ditions of the past. 

Where fossils occur in a firm matrix. It is better to collect them with 
some matrix rather than to try to work them free in the field. This 
aves the fossils from being spoiled by crude trimming techniques and 
also protects them during transport. Parts that tend to disintegrate 
can be painted with shdUc, daubed with cellulose cement, or sprayed 
with an adhesive. All bat the tou^est spedmerw should be padded 
with eoou^ paper, rags, grass, or leaves to prevent abrasion by other 
samples in the knapsack. Each specimen should then be placed In a 
sample bag and marked as described in the next section. In camp, 
specimens may be deaned and trimmed if a small hammer, sand bag, 
cold chisels. sheUac. and brushes are available; hovrover, specimens 
that are scarce, unusually well preserved, or likely to be critical in age 
determinations should be left for the more expert hands of a paleon¬ 
tologist. 

Mierefesails. Small fossils customarily called microfossiU are fre¬ 
quently of great vahie because: <1) they can commonly be separated 
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from rocb that are otherwise unfossUlferous, (2) thefr Urge aumben 
and widespread distribution make them ideal for biostratigraphic 
studies, and <3) they may be sep>arated from drill cores and cuttings. 
The Urges micsofossils can be seen readily with the unaided eye and 
can be identified approximately with a hand lens. Examples of the se 
are the large foraminifera (fusilinids. nummulites, and orbltoids), the 
ostracods, and the larger oonodonts. These fossils are most likely to 
occur in limestones, shales, and cherts (both bedded and nodular), 
but they also occur in various sandstones. In friable clastic rocks, the 
Urge foraminifera may be concentrated in more firmly cemented calcar¬ 
eous Uyers or concretioDS. 

Smaller microfossils range from sizes that can be seen readily with a 
hand lens down to truly microscopic forms. The commonest of 
these are spores, pollen, small foraminifera, radioIarU, conodoots, and 
diatoms- Even where these fossils cannot be seen with a hand lens, 
it is usually worthwhile collecting samples of shales, mudstones, sitt- 
stones, chalks, and friable siliceous or tuJElaceous rocks. These samples 
are washed and sieved in the Uboratory, and a binocular microscope 
is used to pidc the fossib out of the other cUstic materiab. Bulk samples 
of Donfriable limestones and calcareous shales may be collected for 
conodonts, diatoms, and radioUria because these ooncalcareous fossib 
can be separated by decomposing the rocks in acid. Microscopic spores 
and pollen can also be separated in thb way; they are most likely to 
occur in fresh, dark gray (carbonaceous) shales and limestones. 

Foraminifera are leached quite rapidly from porous rocks; therefore 
a pick, mattodc, or some other entrenching tool must be used to cut 
down to fresh (typically gray) rock. Shales with gypsiferous crusts on 
their fractures are likely to be barren of usable ^Icareous microfossib. 
Suggestkms regarding systematic sampling for microfossib are given 
in SectiOD 12-0. 

1-8. Numbering and Marking Specimens 

Each rock or fossil specimen must be marked with a number match¬ 
ing that used in the notes and on a map or aerial photograph. Most 
samples can be marked directly with a felt-tip pen. The number may 
also be written on a piece of adhesive (ape ^ed firmly to the sample 
in the field. If the sample b wet, the number can be written on a piece 
of paper that b secured to the sample with string or a rubber band. 
The sample should then be put in a paper or clo(h bag on which its 
number b marked clearly so that it can be identified without being 
unpadeed. 
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The Ust figure of the rpocimen niunber is generally the same as 
the note number and the locality number on the map. If more than 
one sample b collected at one locality, lower>case letters may be used 
after the locality number. The locality number should be preceded 
by letters or numben that will identify it with the particular base map 
or aerial photograph on which its location b marked. Where a survey 
or series of surveys b bditg made by a group of geologists, it b ako 
well to write the initiaU of the coUeMor before all the other numbers 
to that supplementary information on tlte specimen can be obtained 
easily. As an Illustration of such a number, the specimen of note 6, 
Pig. 1-2, u JRD-F^. 

After each day’s field work, rocks and fossik other than fragile and 
well'padced specimens may be laid out in order and chocked against 
the numbers of the field notes. If the label applied in the field does 
not appear permanent, a daub of paint can be put on the rock and 
the number lettered on It with waterproof ink. The quick drying auto- 
enamels that come in small bottles with a brush applicator are ideal 
for thb purpose. Another way to apply a permanent number is to 
letter It with waterproof ink on a small strip of paper, which is glued 
to the spedmen with cellulose or plastic cement. A liKle cement ap¬ 
plied over the patch protects it from mobture and abrasion. 

Po<king iomplat tot $hlpping. Small numbers of relatively light 
samples may be shipped in strong cardboard boxes (prefesably not 
in bags), but wooden boxes or nail kegs should be used where large 
numbers of samples or very heavy samples are being shipped long 
dirtanew. Samples should be dried thoroughly before being packed 
Average rock specimens will not be damaged if vtrapped in a double 
sheet of newspaper aisd packed firmly into place against other samplee. 
Soft rocks, fragile minerab, ax>d most fossils must be wrapped first In 
soft paper and then in tougher paper so as to be completely padded. 
Straw, grass, ngs, or crumpled paper should be stuffed into the box 
since almost all damage during shipping k caused by movements of 
loose samples. The boxes should be nailed or wired strongly enough 
to withstand rough handling . 

1-9. locality Dascriptiens 

Data and specimens that are worth collecting are worth locating 
with care; thb can be done either by marking the point directly on a 
map or aerial photograph or by recording a description of the locality 
in the fi^ notes. When a map has a scale of 1:62,500 or less, or is 
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taown to ^ gen«-ali 2 ed or obsolete, important rock and foolt locaU- 
ties must be des^J«rf fully in the note*. The purposes of locality 
desenptiom are: (1) to ossUt others in anding the locality, (2) to assist 
the geolofst m r^siting the locality, and (3) to provide the means of 
p oiting the localities on a suitable base map when it becomes availa¬ 
ble. 

Locality deacripHons are best based on poinU or features that are 
permanent, can be pinpointed on the ground, and are generally shown 
accuraudy on maps Perhaps the best of these are trianguUtion sta- 
tloru and bench marks of the various government surveys or the town- 
ship-section system of the Bureau of Land Management. These points 
generally carry a marker with the name or numbers of the station 
stim^ in a brass plate, though some section comers are marked 
only by a pipe or a roughly marked stone. From these points, a locality 
may be measured and described by means of a compass bearing and 
a pa^ distance, as described in Chapters 2 and a In areas covered 
by ^ to^^p-section system of the Bureau of Und Management, 
roads or fences commonly lie along the north-south and east-west 
borders of secHons and quarter sections, and this gives a handy refer- 


asw I R2W I RIW I ftic I a 



« 5 « 3 2 


DQQQQQ 

QQQQQQjl 

hbibbhbI 

QQQQgQl 

BBBBBBl 



T ■ IomuMr R • r»nt» 


*»*- l-a. BiVMa of Land Management cadoatrai syitem of iwaiberins towMliiss, 
sectkms, and ports of sectlona. After Butmu of Land Management. 1947. 






20 


Monvel of fitU G^ofogy 

«Dce grid from which to pace out k>CAlity positions (Pig> 1-^). Other 
suitable landmaiks for locality descriptions are sharply defined hill* 
tops, stream intersections, road or railroad crossings, solid buildings, 
and similarly permanent features. Where localitiM are so far from 
these features that a compass bearing and paced distance cannot be 
used to describe them in the field notes, they may be located by taking 
bearings on several prominent points (Section 4o2). 

Locality descriptions should begin with the name of the quadnmgle 
or some large and well-established geographic feature, proceed to 
smaller and more local features, and, finally, describe the immediate 
landmarks and appearance of the outcrop itself. The field notes shown 
in Fig. 1-2 include an example of a kic^ty description (note 6). 
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Using the Compass, Clinometer, 
and Hand Level 



2—1. Th# Brunton Cempoi* 

A oompAss, clinometer, and hand level can be used Ui malce a great 
variety of surveys and to measure the attitudes of various geologic 
structures. These three basic instruments are combined in the Bruo- 
ton Pocket Transit, w-hich is commonly called the Brunton compass. 
This compass is held by hand for most routine procedures, as those 
described in this chapter; however, it can be mounted on a tripod 
for more precise measurements, or can be used with a special ruler 
on a plane table (Section 6-2). Although the detailed instructiom 
given in this chapter pertain especially to the Brunton compass, the 
same general procedures can be adapted readily to other kinds of 
compasses, clinometers, and band levels. 

The various parts of the Brunton compass are shown in Fig. 2-1. 

I The compass is made of brass and aluminum-materials that will not 
affect the magne>ti 2 ed compass needle. When the compass is open, 
the compass needle rests on the pivot needle. The compass needle 
can be braked to a stop by pushing the lift pin, which is located near 
the rim of the box. When the compass box Is closed, the hft pin pro¬ 
tects the pivot needle from wear by lifting up the compass ne^e. 
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Ue round bull's eye bubble is used to level the compass when a ^- 
tae is read, and the tube bubble is used to take readings with the 
c^meter. The clinometer is moved by a small lever on the under- 

ride ol the compass box {not shown in the figure). 

A compass should be checked to ascertain that: (I) ^ levels have 
bubbles. (2) the hinges are tight enough so that the lid, 
and peep rights do not fold down under thdi owm weight, and (3) 
the point of the righting ann meets the black axld line of the mirror 
when the mirror «»d righting arm are 

Other adjustments that may be required are described in Section 2-10. 


2-2. Settinfl ihe Mognetk DecUiwtion 

The graduated circle of the compass can be rotated by turning the 
adjusting screw on the side of the case. The 0 point of the gradtuted 
drde is brought to the point of the index pin to measure ^rings from 
magnetic north. To measure bearings from true north (the usua 
case) the graduated circle must he rotated to correct for the local 
magnetic decUnaUon. The local declinaUon and Its change per yw 
are given in the margin of quadrangle maps; however, the correc^n 
for annual change will be only approximate if the map Is mwe than 
about 20 years old. The declination can abo be determined from an 
isogonic chart (Appendix 6). Finally, the declination at any given 
point can be detcmlned by setting the compass on a firm, leve sur- 
fice and righting on Polaris, the North Star. Thb reading should be 
corrected approximately for elongaHon ( Section 7-8) - 

Because the east and west sides of the compass circle ore revers^, 
it may bo momentarily confusing as to which way to turn the circle. 
Ea ch setting should be reasoned out and checked. A declination of 
20* east, for example, means that magnetic north b 20“ east of true 
north, and therefore the circle b turned so that the index poinu to 
20 on the E side of a To check thb. the compass b held level and 
oriented so that the white end of the needle comes to rest at 0. The 
entire compass ta then rotated 20“ in the direction known (geographi¬ 
cally) to be east of north. If the needle then points in the direction 
of the sitting arm, which b magnetic north, the declination has been 
set correctly. 


2-3. Tekine bearings with the CompoM 

A bearing b die compass direction from mie point to another. A 
bearing always has a unidirectional sense; for example, if the bearing 
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from A to B 1* N 30 W, the bearing from 8 to A can only be S 30 E. 
Using t^ Bronlon ^pass. the correct bearing sense is from the com- 

tT k!?* *‘8httng am is aimed at the point. 

The cod of the iveedle gives, the bearing directly because the 
E and W makings are transposed To read accurate bearings, three 
thin^must U ^ne simultaneously: (1) the compass must be leveled, 
(2) the fHsint sighted must bo centered exactly in the sights, and (3) 
Ac needle miut be brought nearly to rest. When the point sighted is 
Wsibla from Ae level of the waist or chest, the following procedure 
should be used. 


1. Open the Ud about 135*; turn the sighting arm out and turn up 
Its hinged point (Fig. 2-2A). 

2. Standing wiA the feet somewhat apart, hold the compass at 
waist height wlA the box cupped A the left hand. 

3. Cmter the buU’s eye bubble, and, keeping it approximately 
centered, adjust the mirror with the right hand unUl the point sighted 
and Ae end of the sighting arm appear in it. 

4. Holding the compass exactly level, rotate the whole compass (on 
an imaginary vertical axis) until the mirror images of the point sighted 
and tip of Ae sighting arm are superimposed on the black axial 
line of the mirror. 

5. Read Ae bearing Adicated by Ae while end of Ae needle, whAb 
should be nearly at rest. 

6. After readAg the bearing, check to make sure the line of sight 
is correct and the compass is level 

7. Record or plot the bearing at once. 

Wlien the point sighted is visible only at eye level or by a steep 
downhill sight, the followAg instructions apply. 

1. Fold out the sighting arm as above, but open the lid only about 
45* (Fig. 2-2B). 



R*. ^4. Compass set for taking a bearing at waist heigbi (A) and at height of 
eye (8). 
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2. Hold tbe compass la the lelt hand at eye level, with the sighting 
aim pointing toward, and about 1 ft from, the right eye- 

3. Level the compass approziinately by observing the mirror image 
of the boITs eye bubble, and, holding the compass approximately 
level, rotate it until the point sighted appears in the small sighting 
window of the lid. 

4. Holding the compass exactly level, rotate it until the point sighted 
arkd the point of the rioting aim coincide with the axial line of the 
window. 

5. Read the bearing in the mirror, double checking for alignment 
and level 

6. Transpose the directioa of the bearing before recording or plot* 
ting it (the compass was pointed in reverse of its bearing direction). 

With practice, bearings can be resd to the nearest provided the 
needle is steady. When holding the compass at waist level, the largest 
errors result from sighting the wrong point in the mirror. In the second 
method, a good deal of patience is required to level and read the com¬ 
pass from a minor image. In either method, the compass must be 
ievded accurately to give good results on inclined sights. If the 
swing of the compass needle cannot be damped by die lift pin, the 
bearing must be read as the center of several degrees of swing. Un¬ 
less much patience is used, these readings are likely to have errors 
of 1 or 2*. 

2-4. Mognatic DaHectiem of Cempau Searings 

The compass will give incorrect bearings if there Is any local de¬ 
flection of the earth's magnetic field. Objects containing iron, such 
as knives, hammers, and belt buckles, should be kept at a safe distance 
while a reading b made. This dbtance can be determined by placing 
the compass on a level surface and bringing the object toward it until 
the needle b deflected. A strong pocket magnet must never be car¬ 
ried near a compass. Steel fences, railroad rails, and steel pipelines 
should be avoided if possible. 

Rocks and soib rich in iron, especially those containing the mineral 
magnetite, can cause deflections that are difficult to detect. Bodies 
of basalt, gabbro, skam, and ultrabasic rocks are particularly likely 
to affect compass readinp. Relatively strong effects can be tested by 
bringing large pieces of rock close to the compass. If the magnetic 
mass b smaU compared to the distance between two stations, fore¬ 
sights and backsights between the stations will give inconsbtent re* 
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suits (Fig. 2-9). Wb«rft larger masses are involved, the deflection 
can be measured by pinpointing two stations on an accurate map, 
measuring the bearing between them with a protractor, and comparing 
this bearing with a compass bearing taken between the same stations 
in the fleld. This meastirentent will correct the declination for that 
part of the area. The same result may be achieved by taking readings 
on Polaris at a number of points within the area to be mapped. If 
the magnetic disturbances are moderate and vary systematically over 
a given area, a local isogonic map can be constructed from which 
oorrections of compass readings may be made. If magnetic deflec¬ 
tions are large and distributed irregularly, mapping must generally 
be done with other instruments, as the peep-si^t alidade (Section 
6-2) or the mm compass, a noomagoetic instrument operated on the 
basis of the time of day and the direction of the sun's rays. It is also 
possible to make a compass travene in such a way that the deflections 
are accounted for (Section 3-5). 

2-5. Measuring Vertical Artglei with the Clinemeier 

Vertical angles can be read to the nearest quarter of a degree with 
the clinometer of the Brunton compass. Instructions for this pro¬ 
cedure are: 

1. Open the lid about 45* and fold cwt the sighting arm. with its 
point turned up at right angles. 

2. Hold the compass in a vertical plane, with the sighting arm point¬ 
ing toward the right eye (Fig. 2-4). The compass musl be about 1 
ft from the eye so that the point sighted and the axial line in the 
sighting window can be focused clearly. 
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3. Look through the window of the bd and find the point to be 

tbeo Utt the compass until the point of the sighting arm, the 
atijil UoB of the window, and the point sighted coincide. 

4. Move the clinometer by the lever on the bade of the compass 
box until the tube bubble is centered, as observed in the minor. 

5. Check to make sure the sights are still abgned, then bring the 
compass down and read and record the angle. 

Cefflpvfin« difference in efevorien. The approximate difference in 
elevation between the point occupied and the point sighted can be 
computed in the field if the slope distance it paced and if a small table 



Hf. W. Floding diffarenoe ki efevatloo (SF) hom a vertSetl iDgle (M) and 
hoiteaoU) diftance (OF). (A) Relstlon nsed when sigbti&g on a point at height 
«f eye. (ff) RbUUod wed when sighting ophtU to point Usdf. 
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ot sines of angles it available (ditference in elevation « slope distance 
X sine of vertical angle). The difference in elevation can also be 
determined if the hodzonta) distance between the points can be 
scaled from a map or aenal photograph, the difference in elevation 
then being computed from a table of tangents. The height of the 
instrument above the point occupied it taken into account either by 
(1) sighting to a point that is at an equal distance above the ground 
(Fig. 2-SA) or (2) sighting directly to the point on the ground and 
correcting the difference in elevation by adding the height of the in¬ 
strument for uphill sights and subtracting it for downhill sights (Fig. 
2-55). 

2-e. Using the Brunten CempoM as a Hand Level 

Hie Brunton compass is converted to a hand level by setting the 
clinometer exactly at 0, opening the lid 45**. and extending die tilt¬ 
ing arm with the sighting point turned up. The compass is held in 
the same way as when measuring vertical an^es. It is tilted skndy 
until the mirror image of die tube bubble Is centered. Any point tined 
up with the tip of the sitting arm and the axial Une of the sighting 
window is now at die same elevation as the eye of the observer. By 
carefully rotating the entire instrument with a horizontal motion, a 
series of points that are at the same elevation can be noted. 

Difference iit e/evcrfien by feve/ing. Tbe difference in elevation 
between two points can be measured by using the Brunton compass 
as a barwi level The measurement is started by standing at the 
lower of the two points and finding a point on tbe ground that is 
level with the eye and on a course that can be walked between tbe 





J-*. Mceroring d*e la elevation between two MHoBt by utiftg 

a band level and counting eye-kvel Incretncata. 
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two end points. As the fint level sight is made, an object soch as a 
stick, leaf, or stone is marked mentally and kept in sight while walk¬ 
ing to it Standing on this marker, another point at eye level is chosen 
farther uphill, and the procedure (s repeated until the end point is 
reached (Fig. 2-6). The number of moves is tallied and multiplied 
by the hei^it of surveyor’s eye, vritb the lost fractional reading 
estimated to the nearest even foot or half a foot. If the country is 
reasonably open, the traverse ciui be made both quickly and ac¬ 
curately. The serious error of miscounting the tally can be prevented 
by keeping a pencil tally on the cover of the compass or hy using a 
tally counter. 

2-7. Meaturing Strike and Dip 

The strike and dip of planar geologic structures, such as bedding, 
faults, joints, and foliations, can be determined by several methods 
wHh the Brunton compass. Strike is generally defined as the line of 
intersectioa between a borizonul plane and the planar surface being 
measured. It is found by measuring the compass direction of a hori¬ 
zontal bne on the surface Dip is the slope of the surface at right 
angles to this line. The best method for measuring a given strike and 
dip depends on the nature of the outcrop and the degree of accuracy 
desired. The amount of the dip, too, may affect the choice because 
steeply dipping planar structures can be measured far more accurately 
and easily than gently dipping ones. Special methods are needed 
to measure dips of less than 5* accurately. 

In the sectiOD on taking bearings (Section 2-3), it was xwted that 
a bearing has a unidirectional sense and that the white end of the 
compass needle must be read in all cases. Treversing and locating 
points by intersection require this strict usage. In the case of a strike 
line, however, there b no reason for such a distinction. It b recom¬ 
mended that for measuring strike only the north half of the compass 
be used, regardless of which end of the needle points there. Strikes 
would thereby be read as northeast or northwest, never southeast or 
southwest. Thu helps eliminate the occasional serious error of trans¬ 
posing a strike to the opposite quadrant when reading, plotting, or 
recording it These errors can occur easily where two men are work¬ 
ing together ar>d calling out structural data from one to the other. 

The instructions that follow r^er to the strike and dip of a bed or 
beds, but the same methods can be used for measuring other planar 
structures. 
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I. Most a«urata mathod for ona ovttrop. This method requires 
an outcrop that shows at least one bedding surface in three dimeosions. 
If the bedding surface is smooth and plansir. no more than a square 
foot or so of surface iseed be apparent, but if St is irregular, several 
square feet mrist be visible. Where road cuts or stream banks trun* 
cate beds smoothly, a hammer can be used to expose and to clean off 
a bedding surface. The measurement is made by stepping back 10 ft 
or so from the outcrc^ to a point from which the bedding surface can 
be seen dearly. The observer then moves slowly to the right or left 
until be is in that one position where the bedding surface just dis¬ 
appears and the bedding appean as a straight line (Fig. 2-7). In 
this position, his eye is in the plane that includes tlie bedding surfoce. 
Using the Brunton compass as a hand level, the point on the edge of 
the bedding surface that is level with the eye is found. This horizontal 
line of sigdrt is the strike of the bed. and its bearing is determined and 
plotted. 

To measure the dip, the observer opens the lid and sighting arm 
of the compass and holds it in the line of si^t used to measure the 
strike. 7710 compass is then tilted until the upper edge of the box 
and lid appear to lie along the bedding plane (Fig. 2-7B). The 
clinometer lever is rotated until the tube bubble is centered, and the 
dip is then read and recorded to the nearest degree. The intersection 
of the strike lino and the dip line on the map is customarily taken to 
be the point at which the reading was made. 

If the bedding line contains no distinctive feature that marks the 
point on a level with the observer’s eye. it is necessary to mark the 
point with a pebble, stick, or some other object; otherwise, the reading 
will bo approximate only. 



n». a-7. Measuring strike ond dip. (A) Sighting a level line In the pUne of a 
bedding surface. (B) Measuring the dip of a bedding surface. 
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II. Mothod for aiooply dipping bod$. Where beds dip more than 
60°, « level line of si^t to a beddiog pUne can be fouod by a some¬ 
what less precise method than that just described. After the observer 
is in a position to see a bedding surface as a line, be takes a bearing 
by die eye-level method (second method of Sectkm 2>3}, being oure- 
ful to center the bull's eye bubble exactly and to sight on the trace of 
the bedding. If he pr^ws to take the bearing by the chest-level 
method, ho may move to such a posibon that the compos* wUl be In 
the plane of the beddittg surface. By either method, the compass 

be hdd levd enough to define the strike line within a few degrees. 
The dip is measured in the same way as described above. 

III. Method of leveling betwMii two outcrops. This is the best 
method for measuring tho attitude of gently dipping beds. It can be 
used where a well-marked bed crops out on the opposite sides of a 
small valley, gully, or excavation. Tho observer stands in front of one 
outcrop so tlMi his eye is at the level of the top or base of the bed. 
He thw uses the Brunton compass as a hand level to find a level line 
to the same bedding surface in the opposite outcrop. The bearing 
of this line is the strike of the bedding, and the dip is measured by 
sighting across at the opposite outcrop, just as described above for 
method I. 

IV. Method of holding compels againtt boddlng turleeo. Methods 
I and II cannot be used where brush, rocks, or trees make it impossible 
to get In a position to see a bedding surface as a line. It may then 
be necessary to take a reading by holding the compass against a bed¬ 
ding surface. The surface chosen must be smooth, dean, and repre- 
sentatioe of the outcrop. The compass is opened and one of the lower 
edges of the compass box is held firmly against the bedding surface; 
the compass is then rotated until the bull's eye bubble is centered 
(Pig. 2-^). The bearing in this position is the approximate strike. 



n#. >-a. MesMiiag appradoiat* strik* sod dip by boUhsg coa>pas» sgsiau a 
bedding surface. 
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Tho dip is read by pUciog the side of the compass box and lid directly 
on the bedding surface and at right angles to the dixoction of the strike 
(Fig. 2-6B). The clinometer is then turned until the tube bubble is 
centered. 

The simplicity of this method iiuJces it appealing; however, the 
base of the compass is only 2 in. long, and therefore large errors may 
result unless {udgment is used in selecting .the surface. On a fairly 
large bedding surface, a clip board or map case (with no steel parts) 
may be held firmly against the surface to help average out its irregu* 
larities. The compass is then held against the board to make the 
reading. 

V. Mafhedi for nearly herisentoj beds. Where dips are less than 
10”, small irregularities in the bedding will cause major local varia¬ 
tions in strike. Method III will give superior results, but it requires 
unusually good exposures. Method I will give reasonably good results 
dowm to dips of about 4” if a large single seotion of a bedding surface 
is exposed. To obtain the strike of beds dipping still more gently, 
it Is often easier to determine the direction of maximum slope (dip) 
first and then to take the bearing of a line at right an^es to it. A 
quick way to do this is to pour a little water on the surface, stand 
over the streak it fonns, and measure the strike os the bearing at 
ri^l angles to the streak. Another way to find the maximum slope is 
to place the compass on a bedding surface as thou^) measuring dip, 
then center the clinometer bubble while rotating the compass slowly 
back and forth against the surface. Because of the irregularities oo 
moat bedding surfaces, however, this method is generally unreliable. 

VI. Thrte-peinf mefbed. The strike and dip of gently dipping beds 
con be determined accurately from three points that lie at different 
elevations on one bedding surface. The bedding surface must be 
identified with certainty at esid) outcrop, and therefore the top or 
base of a distinctive rock unit or bed should be used. The construc¬ 
tion requires that the distances and dlroctioru between tlie throe points 
be known, as well as the differences in elevation between them. The 
distances and directions can generally be meuuied from a map or 
aerial photograph; they can also be determined by a compass traverse 
(Chapter 3). The differences in elevation can bo determined from 
a contour map or by the methods described in Sections 2-5 artd 2-5, 

Figure 2-8 illustrates three outcrops (A, B, and C) and the construc¬ 
tion used to determine strike and dip from them. The strike is found 
by locating a point, as D, which has the same elevation as the inter- 
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mediate poiot. B. and is on the line {oining the highost and lowest 
points, C and A. Point D can be located by solving the relation 

AD AC diff erence in eteva tio n between A and B 
* ^ dl?erence in elevation between A and C 

The level line BD is tlie direction of strike. If the dip is small, it is 
best to determine It by measuring the distance AE (perpendicular to 
tlie strike) and solving the relation 

1 i j' difference in elevation between A and B 
tangent or the angle of dip ■--- 

The dip is then read from a table of tangents. The dip may also be 
determined graphically by constructing a view at right angles to the 
strike, as explained in books on engineering drawing and structural 
geology. 

Vn. Method for beds truiKoted by noor/y ievef surfaces. The strike 
of beds exposed on horizontal or nearly horizontal surfaces of unpavod 
roads, trails, stream beds, terraces, or bare ridges may be measured 
quickly and accurately. This b done by standing directly over the 
outcrop, cupping the compass in both hands at waist height, and 
aligning it svith the trace of bedding that passes underfoot. The long 
slot in the sighting arm b useful for aiming the compass In thb way. 
In order to determine the dip, it b generally necessary to hammer out 
and clean off a bedding surface, upon which the compass b placed 
directly. 

2-8. Where le Take Strike and Dip 

Before measuring strike and dip, It must be determined whether die 
attitude will reliably represent bedding. Some ‘‘outcrops” are not in 
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place at all. being large boulders, blocks of float, or segments of land- 
slides. A general survey of the slopes around outcrops will generally 
resolve sud) problems. If there is still some question as to the relia¬ 
bility of a measurement, a question mark may be entered next to the 
plotted symbol or the strike line may be broken (Appendix 4). 

Downhill creep of soil and mantle comrrwnly bends planar struc¬ 
tures that occur on slopes. Where this is likely, readings are best re¬ 
stricted to the bottoms of valleys, to the tops of ridges, and to cuts 
that are deep enough to get beneath the zone of deformation. Thick 
bods of massive rocks, such as sandstone, quartzite, and lava, are not 
likely to be bent by downhtU creep. 

Outcrops should also be examined to make certain that what is 
taken for bedding or foliation is not jointing, bands of limonite stain¬ 
ing, or some other kind of discoloration. Changes in texture (espe¬ 
cially grain-size) or changes in mineral compoddon are the best indi- 
caton of bedding. In massive sandstones, bedding may be shown 
only by the approximate planar orientation of mica flakes, platy car¬ 
bonaceous or fossil fragments, shale chips, or platy and elongate peb¬ 
bles. The possibility that bedding features in sandstones are only 
local cross-bedding must be considered. The identification of bedding 
in metamorphic rocks may be stiU more difficult, and there are a 
number of planar structures of igneous arvd metamorphic rocks tliat 
should be identified carefully wherever they are measured and plotted 
(see appropriate Sections in Chapters 12, 13, 14, and 15). 

2-9. Measuring Trend and Plunge of Lirseor Features 

Trend and plunge are used to define the attitudes of linear features. 
The trend of a linear feature is the compass direction of the vertical 
plane that includes the feature. If the feature is horizontal, ottly the 
compass direction is needed to define its attitude. If It is not hori¬ 
zontal, the trend is taken as the direction in which the feature points 
(plunget) downward. The plunge is the vertical angle between the 
feature and a horizontal line. 

To measure the trend of a linear feature, the observer stands, if 
possible, directly over a surface that is parallel to the linear feature 
(Fig. 2-10). This surface is sometimes described as ‘'containing* the 
feature or as the surface on which its maximum length is seen. The 
observer faces in the direction in which the linear feature points 
downward. He determines the bearing of this direction (the trend) 
by holding the compass at waist height and looking down vertically 
on the feature through the slot of the sighting arm. When the slot 
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is pmllel to the trend of the feature, the bearing at the white end 
of dte needle U read. The trend is then plotted on the map as a line 
originating at the point occupied by the observer. 

To measure the plunge of the feature, the observer irtovos so that 
he is looking at right angles to its trend (Fig. 2-10, right). The 
reading is taken on the trace of the linear feature seen from this posi- 
tiOD, exactly as in taking the dip of the trace of a bed. An arrow 
point Is then drawn on the map at the downward plunging end of 
the trend line, and the amount of plunge is lettered at the end of this 
arrow. For horizontal linear features, an arrow point is drawn at 
both ends of the line. 

2—10. Core and Adjustmant of the Brunlen Compass 

The compass should never be carried open in the hand while walk* 
ing over rough or rodey ground. If an extra mirror and glass cover 
are included in the field gear, these can be replaced in the field, but 
if the hinges are bent or the level vials broken, the instrument must 
be sent to the manufacturer for repair. 

If the compass is used in the rain, or if it is aoddentally dropped 
in water, it should be opened and dried because the needle will not 
function properly when its bearing is wet. The glass cover can be 
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removed by forcing the poirrt of a knife blade uxtder the spring washer 
that holds it in place. This should be done at a point opposite the 
dove-tail Join of the washer, using care not to crack the glass cover 
along its edge. With the washer off. the glass cover can be lifted 
from the box. and the needle taken off iU bearing The cone-shaped 
pit of the jewel bearing should be cleaned and dried with a sharpened 
toothpick and a bit of soft cdoth or soft paper. The needle lift is 
then removed and the inside of the compass dried and deaned. Care 
should be taken not to push so hard against the clinometer level vial 
that it turns on Its axis. After the needle-lift arm, needle, and glass 
cover are reassembled, the spring washer should be placed on the 
glass cover by joining its dove-tailed ends first, placing them firmly 
against the compass box and then forcing the rest of the washer 
down by moving the fingers in both directkms away from the dove¬ 
tail join. If this cannot be done with the fingers, two small pieo« 
of wood can be used. 

The mirror can be removed by tapping in the small retaining pin 
and removing a spring washer like that on the box. The new mirror 
must be inserted so that its black si|d*ting line is at right angles to 
the hinge axis of the lid. This can be done approximately by rotating 
the mirror until the sighting line bisects the stating window in the 
lid. The setting should then be checked by closing the lid against the 
upturned point of the sighting arm and determining if the point of 
the arm meets tbe sighting line of the mirror. 

Before a new or a borrowed compass is used in the fiek). it should 
be checked to make certain tbe dinocneter level is correctly set. To 
do this, tbe clinometer is set at 0, and the compass is placed on a 
smooth board that has been leveled exactly with an alidade or a good 
carpenter’s level (a bull’s eye level is not suffidently accurate for this). 
If the tube bubble does mt come to center, the compass is opened as 
described above and the clinometer level vial moved appropriately. 
Ordinarily this can be done without loosening (be clinometer set 
screw. The new setting is chedeed by placing the compass on the 
board again, and the procedure repeated until the bubble is centered 
exactly. 

In starting work in a new field area, one may find that the dip of 
the earth’s magnetic Sold is so great as to cause the compass needle 
to rub against the glass lid when the compass is heki leveL To correct 
this, the glass cover is removed and tbe copper wire coil on the needle 
moved one way or tbe other until the needle lies level. 
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The Compass Traverse 


3»1. G*n*rQl Schtm* of a Coolegic Trovorf* 

Id ft traoerte a series of points are surveyed by measuring the di¬ 
rection and distance from one point to a second, and from the second 
to a third, and so on to the last point. The directional course of 
this series of measurements is generally irregular; if it Is eventually 
brought arcMind to the starting point, the traverse is said to be closed. 
Each of the points of the traverse is called a sioiion, wldle the measured 
distance between two stations may be called a leg of the traverse. 
The traverse is xtsed as a skeletal map on which geologic data are 
plotted along or near the traverse legs. These data may be compiled 
with those from other traverses to make a complete geologic map. 
Hiey may also be used to construct a vertical cross section and 
columnar section showing the rock units and structures traversed. 
The travene is ootnmonly used to measure thicknesses of rock units, 
to compile detailed descriptions of sedimentary or vokanic sequences, 
and to study deformation in complexly faulted or folded rocks. If 
a topographic map of suitable scale and accuracy is available, it should 
be used as a base on which to plot the traverse. Published topographic 
maps, however, have scales of 1:2-1,000 to 1:62,500, and many geologic 
studies require scales larger than 1:6,000 (1 in. ■ 500 ft). Most 
detailed studies therefore require constructing a map from the traverse 
data. 

The scale of the traverse is diosen so that the smallest units that 
must bo shown to scele con be plotted easily. If the purpose of the 
traverse requires, for example, that beds 10 ft thick must be shown 
to scale, the best scale for the work Is 1 in. « 100 ft. In general, any¬ 
thing that cannot be plotted as a feature in. wide cannot be mapp^ 
easily to scale, although features that plot Via k- wide can be shown 
accurately if great care is used. 

The method by whidt the traverse should be sur^-eyed is determined 
by the accuracy required and the dme and equipment available. For 
many prefects, a compass is adequate for determining the bearings 
of the legs, and the legs can be measured with a tape or by pacing. 
An advantage of pacing is that it can be done by one man; its accuracy 
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ovwr reasonably even ground Is adequate for roost projects whose 
working scale is 1 in. « 100 ft or more. For more exacting and de¬ 
tailed traverses, a Upe should be used to measure distances. The 
alidade and plane table are commonly used where magnetic variations 
are large, where terrain is rough, or where distances of several miles 
must be traversed accurately (Secttoo 8-12). Traverses requiring 
still greater precision may be made with a transit and steel tape (Sec¬ 
tion 7-13). 


3—2. Determining Pace 

Id geologic field studies, distances are commonly measured by 
pacing. It should be possible to pace over smooth terrain with errors 
of only a foot or two in each 100 h. The pace should be calibrated and 
tested for slopes and rou^ ground as well as for smooth terrain. This 
can be done by walking a taped course of 200 ft or more and dividing 
the distance by the number of paces. One or two other courses should 
then be paced to test the calibrations. To keep the mental tally of 
paces at a reasonable rate, a pace is generally counted at every fall of 
the right foot. The calibrated courses should be walked in the same 
manner as that used trormally in the field; a pace should never be 
forced to an even 5 or 6 ft 

Smooth slopes of low or moderate declivity may be measured by 
taking normsd steps and then correcting the slope distance trigo¬ 
nometrically (map distance ■ slope distance X cosine of the vertical 
angle of slope). Slopes that are too steep to walk with normal strides 
can be paced by establishing oite's pace for measured uphill arid down¬ 
hill courses. Pacing over rocky, brushy, or irregular ground requires 
pMtience and practice. It can often be done by correctiog the count to 
normal as pacing proceeds. Hight-angle offsets can be made around 
obstacles in some places; in other places, the number of tvormal paces 
through an obstacle can be estimated by spotting the places where 
steps would fall if the obstacle were not there. 

The greatest source of error in pacing is miscounting, especially 
dropping 10 or 100 paces in a long measurement. For thb reason 
traverse legs should Iw paced in both directions. For much pace and 
compass work it is desirable to use a tatty countgr, a small odometer-like 
counter operated by a lever. A pedometer, which tallies automatically 
each time it is jolted by a footfall, is useful for open ground but does 
not permit corrections for offsets and broken paces. 
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3—3. Solocling a Court* and Planning a Travort* 

As in *11 ^logic projects, reconDaitsutce and comparison of the 
possible courses for a survey save time in the long run. Where possible, 
the travene course sboukl cross the strike of beds or other structures 
«t about 90°. The ooune must have adequate rock exposures and be 
accessible enough to permit an efficient survey. These requirements 
are met ideally by roads that give a series of cuts across the strike 
of the roeb. Railroads have the drawback of affecting bearings taken 
with a compass. Many stream courses cross the strike directly and 
have abundant rock exposures, but pacing akmg streams may be 
difficult. Open ridges ai^ beaches commonly afford excellent traverse 
courses. 

In additton to locating the traverse, the reconnaissance should pro* 
vide answen to the following quesdont: 

1. Is the sequence of rocks monotonously the same, or can the rocks 
bo grouped into two or more units, oecb characterixed by a certain 
lithology? 

2. What scale must be used to show the thinnest rock units that 
seem significant to the study? 

3. If the data from the study will be presented in a geologic cross 
section or columnar section, how will the sizes of the illustrations limit 
the data collected and the working scale of the traverse? 

Cenerally. more data must be coUected than will be used in the 
final illustrations, but Infonnation must not become so detailed that 
the principal objectives of a survey are obscured. Field notes will be 
difficult to use. for example, if they present voluminous, random de* 
scripHons of every bed observed. 

3^. First Steps in a Composs Travers* 

The procedures of a typical compass traverse include: (1) survey¬ 
ing the stations and legs of the traverse, (2) measuring a profile 
along the travene course, (3) plotting the stations and geological 
features on a field sheet, and (4) describing the geologic features in 
field notes. The equipment, most of which is described in Section 1-3, 
sboukl include a geologist's hammer, Brunton compass, clip board or 
notebook, pocket knife, medium-hard pencil with clip and eraser for 
plotting, ballpoint pen or medium pencil for taking notes, hand lens, 
knapsack, specimen bags, protractor, and B-inch scale. The scale 
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shcMi]d be divided lo tenths of an inch or in other divisions that allow 
direct conversion to the scale of the field plot Several sheets of 
crow*ruled paper are needed for the field plot. 

The traverso should be begun and/or ended at permanent markers 
that can be found readily by other persons. Bench marks, trlangula* 
tlon statioas, highway or railroad turning point markers, culvert posts, 
sobd fences, or property comers are all suitable. If these are lacking, 
solid 2 X 2 in- stakes can be used. Id any case, these points must 
be described in the notes. 

The traverse is b^un by starwling at one of the end points and 
sighting along the general line of the traverse to the farthest point 
visible along a coune that can be paced. The distance to this tenta¬ 
tive station is paced, and If the point proves to be a good choice, it 
is marked with a stake or other device, and a bearing is read back to 
the starting point. If possible, the distance should then be checked 
by padng back to the starting pmnt. The bearing to the station is 
then taken, and if it agrees within a degree (preferably, a half a degree) 
with that of the backsight, the field map is started by plotting this first 
leg. The bearing and distance are entered in the notes, as shown in 
Fig. 3-1. 

If the field plot of the traverse is nude on cross-ruled paper, the 
ruled lines can be used as a north-south and east-west grid for plotting 
bearings. The sheet should be given a title, as that shown in Fig. 3-2. 
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Before the first leg U plotted on it. the gerveral Uyoul of the traverse 
must be planned so the plot will not go off the sheet on the second or 
diiid leg. 

Generally, the scale of this map need be only half as large as that 
of the final illustration. Its purpose is to develop a cootimious pic¬ 
ture of both the geographic features and the geologic structures as 
they are traversed. This permits checking the continuity of faults 
ai>d contacts that cross the traverse course more dian oooe. Bearings 
and structural attitudes that have been misread or transposed can 
be detected by orienting the map in the field and comparing tlie 
plotted symbols with the outcrops. 

3—5. Traversing by Turning Angles 

If magnetic disturbances are appreciable (Section 2-4), traverses 
should be surveyed by turning angles between adjacent legs. Before 
starting the traverse, it is necessary to determine the bearing of a 
line that can be sighted from the first traverse station. This can gen- 
erally bo done by: (1) pinpointing the first traverse station on a 
map. (2) drawing a tine on tire map from this point to any other 
perint that can be seen from the first traverse station, and (3) measur¬ 
ing the bearing of this line with a protractor. If no usable point can 
be seen, or if there is no base map, the bearing of the initial leg can 
be determined by taking a sight on Polaris (Section 2-2); otherwise 
the compass bearing of the first leg must be assumed to be correct. 

The traverse may then proceed as follows: 

1. Read and record the compass bearing to the point used to estab¬ 
lish a bearing bom the first station, as line 1-U in Fig. 3-3. 

2. Read and record the compass bearing to the first forward station 
of the traverse, as line 1-2 to tl^ figure. 

3. Determine the angle between these lines (/a) from the bear¬ 
ings. Compare the computation with the field map to make certain 
the correct quadrants have been used. 

4. Plot the fint traverse leg by using this angle 
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5. Read and record the bearing hxnn Station 2 to Station 1. 

6. Read the bearing to Station 3, and compute the angle {^b) 
from the bearings read at Station S. 

7. Plot the leg 2-3 on the basis ol this angle, and continue in a simi¬ 
lar way through the other stations. 

Although this method will correct (or magnetic deflections at each 
traverse station, local variations between the stations will not be 
corrected. Structure symbols plotted at or near stations will therefore 
be correct, but others may be inconect 

3-d. Plotting Oeelogic Features an the Trovers# 

The following geologic structures should be plotted on the field map: 
(1) contacts between rock units, (2) strike and dip of bedding and 
other planar structures required for a given project, (3) faults, with 
dip arrow and, If possible, note of upthrown and downthrown sides, 
(4) axial trace of folds, with trend and plunge of axis. (5) other linear 
structures required for a given project, and (6) names or brief tkotes 
labeling the more important rodcs and feattires. The plotting should 
be done with a sharp medium-hard pencil and in the following way; 
(1) the distaisce from the nearest station to scaled off along the traverse 
leg; (2) offset, if any, to plotted to give the location of the structure; 
(3) the strike or trend of the structure to drawn with a protractor; (4) 
a dip line or arrowhead to added and the amount of dip or plunge 
lettered in; (S) the traoerse plot to oriented relative to the terrain, 
and the attitude shown by the symbol to compared with the outcrop; 
(6) if there is doubt about its accuracy, the structure to remeasiued. 
No amount of intuitive thinking in the office can improve on symbols 
plotted in this way. 

Notes should ii^ude descriptions of lithology and all small-scale 
structures that may be helpful in interpreting the history of the rocks. 
Some notes will be dotafled descriptions of specific localities: others 
will be overall descriptions of rock units. Unit descriptions should 
iikclude the lithologic characters that make the unit distitrctive, the 
nature of the contacts, and the range of lithologic variations within 
the unit (Section 1-5). If a detailed cross section to to be prepared 
from the traverse, drawings of entire road cuts or other outcrops may 
be helpful. 

The notes should be recorded in the order in which features are 
encountered on the traverse. The stations are generally given con¬ 
secutive numbers while the notes between them may be listed coo* 
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venieotly by tbe number of feet from the last station. If perU of the 
traverse are revisited and supplementary notes are taken, these num¬ 
bers offer a simple means of fitting new data into p lat e . 

3—7. Vertieol Prefila of the Travorso 

The vertical profile of the traverse must be surveyed in order to 
measure rock uniU accurately and to prr^ect geoli^c features to 
a verticsil crtws section. If the traverse course runs irregularly up and 
down, the profile should be surveyed as the traverse proceeds. This 
can be done by measuring vertical angles between stations and to 
points where the grade of the profile breaks, and computing differ¬ 
ences in elevation (Section 2-5). It can also be done by using the 
Brunton compass as a hand level and finding differences in elevation 
directly (Section 2-6). If tire traverse course is on an evenly sloping 
road, stream, or ridge, the profile need not be measured at every 
station; instead, an overall survey of the gradient can be made after 
the traverse is completed. 

Structiires must be plotted on the map at the point where they in¬ 
tersect the profile of the traverse or where they intersect an arbitrary 
datum surface above the profile. Along most road cuts it U convenient 
to plot structures at waist height (3H ft) above the road. Structiires 
that cannot be projected reliably to this level must be surveyed in¬ 
dividually, and their vortical distances above the datum must be 
recorded. Figure 3-4 ilhistrates why this must be dona 

The line of section of a geologic aou section will almost always 
be offset somewhat from the traverse course. The profile of the 
traveise will therefore not give the true ground profile for the section. 



Hf. S-4. L«rge rood Cut, exposing ■ contact at a. This contact must either be 
plotted at h. or the elevation at e mual be recorded. 1/ it were {dotted at o', the 
thlcknett of the unit would be measured by A Instead of B. 
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As shown in Pig. 3>S, this problem may be met in three ways. First, 
the actual ground profile may be surveyed along the line of the cross 
section. This requires that the sectioa line be chosen first, as described 
in Sectioa 3-8. The survey of this profile may take considerable time 
and effort if the terrain is irregular or covered by trees and brush. The 
second possibility is to estimate an approximate profile along the line 
of section by r^iog vertical angles from the traverse course and 
sketdting the terrain between. If this is done, the profile on the final 
illustration must be dashed and labeled as approximate. The third 
possibility is to ignore the profile along the line of section and to use 
the profile of the traverse on the final ilhistration, dashing it and 
labeling it suitably. 

Making lllusirotiens from the TreverM Data 

Data horn a detailed traverse are generally compiled into a map, 
a vertical cross sectioa. and a columnar section. These figures may 
become the only permanent record of the traverse. They are generaQy 
drawn in ink on a transparent sheet horn which prints can be made. 
The materials required are a drawing board, T-square, 10-ind) or 
12-lncb triangle, medium-hard pencil, eraser, ruling pen. a piece of 
tndng linen or heavy drawing paper of appropriate size, crow-quill 
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pen and holder, bUck waterproof tnJe, 12.lnch scale, and an accurate 
protractor with a base of 6 or more inches. Additional items that may 
be useful are a contour pen. a drop-circle compass, lettering guides, and 
a pen cleaner. 

The traverse should be plotted accurately in pencil before any ink 
is used. This reduces ink erasures and provides a means of arranging 
die Bgurcs in a single illustration. The instructions that follow suggest 
consecutive stops for this procedure. 

1. Using the exact bearings and distances recorded in the travene 
notes, plot the traverse course accurately in pencil at the same ic a l ff 
that will be used for the inked illustration. 

2. Add all geologic and geographic features, making strike lines 
about % in. long; lettering of numbers need be legible only. 

3. Draw the line of the cross section, choosing It so that it will pass 
as close as possible to the outcrops covered by the traverse and at 
the same time cross the strike of the rocks as nearly to 90® as possible. 

4. Project contacts, faults, and strike Hoes to the line of the cross 
section. This must be done by special methods if the rocks arc folded, 
in Fig. 3-OA. for example, the units are pinched in an unnatural way 
if the contacu are projected strai^jt to the line of section. The area 
is on the limb of a plunging fold, and the contacts slanild curve into 
the line of section as shown in B. To make these projections accurately, 
it is necessary to know il»e general shape or kind of fold Involved and 
to use metimds suitable for projecting folded beds from scattered 
structure symbols. These mctltods have been described by Badgley 
(1959, especially Chapter 3) and in part by Dusk (1967}; they are 
also presented briefly in most textboob on structural geology. 

5. Draw a tentative base line for the vertical cross section; this 
line should have exactly the same length as tlie section line of the 
traverse map and be exactly parallel to U. The cross section on the 
final plate should be oriented so that its right-hand end is citlier its 
more easterly end or is oriented due north. 



Rf. s-4. Proiectina folded beds tnie the Kne of cortfun. 
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6. About % in. above the base Une of die sectioo, pk)t a profile line 
that represents the datum at vdiicb all or most of the structure read¬ 
ings were taken in the field. 

7. Tape the sheet to a drawing board to that the section line is 
parallel to an edge of the board. Using a T-square on this edge, 
project all structures from the section Hne of the travene to tbo profile 
of the cross section or to whatever elevation was used for each structure 
reading {Fig. 3-7). 

6. Draw bedding liiws where structure readings have been im))ected 
to the profile, making each about % in. long. Where the line of sec- 
tiOD crosses the strike obliquely, the bedding shown on the cross sec¬ 
tion must dip less steeply than the dip measured in the field. This 
dip, called the ap p a re nt dip, can be determined from the true dip by 
using the diagram of Appendix 9. 

0. Complete structures under the profile line, projecting them down 
to whatever depth the geologic data will permit. In many cases this 
will require shifting the base of the section that was drawn provisioo- 
ally in step S. Folded beds must be constructed accurately, as noted 
in step 4. Examine the structures mapped on either side of the line 
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of secdon to detormine if some mey cut the section bdoa- the ground 
profile. Folded units, for example, may plunge into the section, snd 
faults that strike parallel to the section may dip into it below the tur. 
face (Fig. 3-8). An example of a cross section is shown in Fig. 11-8. 

10. Determine the true thicknesses of the rock units. They may be 
scaled from the cross section If the section cuts the strike of the units 
about 90*. If this is not the case, calculate the thicknesses tiigc^ 
nometricaUy, as described in Section lfi-8. 



Hf- *-*• Columnar secdon, showing a sequance that has been divided Into three 
rock units. 
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11. Using • peocU and a separate piece o< cross-sectioin paper, buikl 
up a colrimoar section of the rocks traversed, starting with the youngest 
at the top. This may be done at a larger scale than the other figures. 
Signify breaks in the sequence caused by unconformities, faults, or 
lack oi exposures (Fig. 3-0). 

12. Prepare very brief hat informative lithologic descriptions foi 
each unit Letter them in pencil beside the trial column in order to 
space them correctly. 

13. Draw in the lithology of each unit on tbe column by making a 
diagraxfunatic but accurate record of tbe kinds, proportions, attd posi¬ 
tions of the rodcs. The symbols of Appendix 5 can be used for most 
units. Check the symbols against the lithologic descriptions. 

14. If tbe map and the sections are to be drawn in one illustration, 
arrange the separate penciled sheets so that tbe bases of tbe cross sec¬ 
tion and columnar section are paralleL Space the separate draw¬ 
ings so that diey are legible but take up as little spaoe as possible. 
Trace them on a single transpereat sheet, or transfer them to a sheet 
of opaque paper. Add a title that gives a geographic name to the 
prefect, the geologist’s name, and the date of tbe survey. Add a bar 
scale and a north arrow (showing tbe magnetic declination). 
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Plotting Geologic Feafures 
on a Base Map 


4-1. S*l»c(inB and Praparing o tat* Map 

Maps used for plotting geologic features and note numbers in the 
6eld are called bo*c naps. Plemimetrlc base maps show drainage, cul* 
ture (man-made features), and perhaps scattered elevations; topo¬ 
graphic base maps show contours as well. Accurate topographic maps 
are ideal base maps, for cross sectioos can be made from them in any 
dircebon, and their contours provide several means of plotting outcrops 
accurately. 

To be useful, a given map must have a suitable scale, must have 
been made recently enough to show existing culture and drainage, and 
must have oontotirs that delineate the topograj^y accurately. The 
7Vi'mlnute (1:24,000) topographic maps of the U.S. Geological 
Survey are excellent base maps. Their tetie is such that features 200 
ft wide (0.1 in. on the map) can be plotted easily, and features 100 ft 
wide con be shown to icsale if drawn with care (an average pencil line 
covers 5 to 10 h of a feature at this scale). Because most of these 
maps have been made from aerial photographs, however, trails, minor 
roa^, and buildings that lie under trees may be shown inaccurately. 

Many quadrangle maps with a scale of 1:62,500 are useful base 
maps, but some older maps having this scale may be generalized or 
obsolete. Small features must be plotted carefully on them because 
features 500 ft across on the ground are only 0.1 in. wide on the map 
Moreover, it make take considerable time in the field to locate in¬ 
dividual points on these maps, for many topographic and man>inade 
features are not shown on them. It is often pr^erablc to map on 
aerial photographs with a larger scale and then transfer the geologic 
features to a topographic map (Section S>L1). 

It may be desirable to have a base map enlarged two or three times 
to give more space for plotting symbols and note numbers. Enlarging 
does not increase the accuracy of the base map, but it may impro\e 
the geological mapping because of the greater ease of plotbng. En¬ 
largements must be made so as not to distort the scale of the map 
and must be printed on paper that will take ink and pencil marks. 
Ordinary photostat prints are not suitable for most mapping. 
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Although topographic maps are mode by several federal and state 
agencies, the U,S. Geological Survey prepares and distributes editions 
that are available for sale to the public. It also publishes Index maps 
that show the location, scale, and edition date of published maps. In 
addition, regional offices of the Topo^phic Branch of the Ceologicsd 
Survey publish index maps of topographic work in progress. tIicso 
indexes should be consulted, since preliminary maps arc often avail¬ 
able long before final editions. Addresses of regional offices as well 
as information on available maps and aerial photographs can be ob¬ 
tained from the Map Information Office, U.S. Geological Survey. 
Washington 25, O.C. When making Inquiries, the exact area of in¬ 
terest should be described and also outlined on a small-scale map of 
the area. 

Planimetric maps are valuable bases in areas where roads, buildings, 
and waterways are spaced closely enough to permit accurate locations 
of geologic features. In many suburban areas, detailed, modem plani- 
metric maps may be far preferable to generalized or outdated topo¬ 
graphic maps, particularly where there is relatively little relief. De¬ 
tailed planimetric maps are generally held by dty or county surveyors 
and land assessors, by irrigation districts, or by local harbor or river 
authorities. Modem planimetric maps with intermediate scales are 
made by certain government agencies, for example, the U.S. Forest 
Service and the U.S. Bureau of Land MinagemenL Generally, these 
various maps are not for sale but can be copied or borrowed on a 
reasonable request 

At least two copies of a base map are needed, one for plotting fea¬ 
tures in the field and the other for making a geologic oompiUtion as 
field work progresses. Extra copies can be used for plotting locations 
and numben of rock and fossil specimens. The copy used for field 
work should be cut into sheets that will fit the map case. Eadi field 
sheet may be mounted with waterproof cement on a larger piece of 
cross-ruled paper so that the cross-rule Hnes form a north-south and 
east-west grid around the map. Alternately, a grid may be inked di¬ 
rectly on the map. A title, lettered in waterproof ink on the margin 
of each sheet, should show the name of the quadrangle (or other) 
map, a number or index key to desigiute the sheet’s position on the 
original map. and the geologist’s name. 

SoM mops for Ktlblng techniqves. Base maps can be printed 
photographically on colored plastic sheets that are marked with a 
stylus rather than a peoeil. This method has been used for a number 
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^ by the T^^phic Branch of the U^. Geological Survey 
{for ex^pl^ Selene Scribe Co« Rb, of^Ke^^ 

film can be cut off wth a sharp stylus to make lines, points, or symbols 

P*^**“8 over scribed areas with a quick^Xying 
fluid (bkc the Tooch-up Kit of Keuffel and Esser Co.) 2x1 tSTi 

ISh nf “ The bwe map can be transferred to sensitized 

scribing sheets at rr^ blueprint laboratories, though a photographic 

"”“u ^ ** ""‘P- The advanugc^^the 

method are that the mat^ are waterproof and very durable, lines 
of pn^ eva width can be made, and error, can be comcted 


4-2. Leceline Field Data on a Bara Map 


A geolo^c map is made by locating many points, lines, tod other 

^ ^ '**P*”'^ a good deal on the accuracy 

of the^ locations Points on the ground can be located on a map by 
a number of methods, the most suitable of which must be chosen fw 
* ^ »“y question about the accuracy of one 

method, anothw should be used to check it. The methods given here 

^ vegetation afford average 

visibUity; Sections 4^ and 4-1 d*«aribe methods that can be^ 
under more limiting conditions. 


LoKotion by Insportlan. Data can be plotted directly by inspection 
when the configuration of features makes it possible to Identify them 
positively on the map. Examples of such points are distinctive turns 
or intersectioiis in streams, roads, or ridges. 

loeefion by inspeeflan and a boaring lino. Data along linear fea¬ 
tures. such u ridges, roads, or streams, can often be located by taking 
a bearing to a point that can be identified exactly on the map. then 
plotting the reverse bearing from that point to intersect the linear 
feature on which the observer stands (Fig. 4-U). The location will 
^ most reliable if the bearing line intersects the linear feature at about 
W*. The procedure should be repeated with another sight to check 
the location. 


toeofion by Inopooflon and pacing. Where visibility along a linear 
feature such as a road or stream docs not permit using the mctlaxl 
just described, a tally of the paces taken along the feature can be 
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•-<- lA) Lontwg • potnl along a road by (aldug a bearing to a nearby 
hlDtop. {B) Loearing a point by dnwtng three linea (raa nearby featoraa. 


used. The data are plotted by scaling distances from a positively 
identified featxire along die bnaar course. A tally counter is an asset 
for this method because the paced distances are often long. 

Location by boaring and pacirtg. Where geologic data do not lie 
along an Identifiable map feature, diey may be located by reading a 
bearing to a nearby point that can be identified cw the map. The 
distance to that point is then paced, and after a backsight is taken to 
check the bearing, the distance should be cfaecked by pacing back 
to the outcrop. The average bearing and distance are then used to 
plot the outcrop on the map. If it is not possible to pace In both di* 
rections, a tally counter should be used to eliminate errors in counting. 

Location by Intortoction of boaring lines. Often, points that can be 
identified on the map are too distant for pacing, and intersection 
methods must be used. Three points are found that can be identified 
exactly on the map, and the bearings to these points are measured 
with a compass. When the reverse bearing lines are plotted on the 
map with a protractor, they should intersect at the point occupied (Fig. 
4-lB). The intersections of the three lines are more likely to coincide 
If the angles of intersection are large; they should never be less than 
30*. If the lines form a triangle rather than a single intenection, the 
bearings and the identificadonj of the points should be checked. Bear¬ 
ings to other points may be used u further checks. A residual error 
could be caused by local variatira in the magnetic declinaUoa, and 
this will be difficult to correct unleu a long reverse bearing is read 
(Section ZA). 

Location by Intortoction of boating and contour linos. It may bo 
possible to find only one distant point to which a bearing can be read. 
If the elevation of the point occupied can be determined, however, 
the intersection of the bearing line and the appropriate contour line 
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oa the iii«p will k>CBt6 the point The elevation of the point occupied 
can be found with a Bnmton compass as follows: 

1. Set the compass for use as a band level (Section 2-6). 

2. Sight along level lines to nearby ridges until a crest, saddK or 
break of slope is found that is at the same level as the point occupied. 

3. Identify this feature on the map and read its elevation from the 
contours; this is the elevation of the point occupied. 

The elevation can also be determined with an accurate altimeter or 
barometer (Section 4-4). 

The precision of this method depends a good deal on how dosdy 
the contours are spaced on the m^>-locations on ste^ slopes are 
likely to be more exact than those on gentle slopes. Modem maps are 
made precisely enough so that almost all contours are no more than 
ooe'half contour interval o9 their correct position. 

Using centre/ signeis fer iecetiens. \^eD mapping featureless 
plains, marshland, or tundra, it may be necessary to set up control 
signals before geologic features can be plotted accurately. Ro^ cairns, 
flags on poles, or distinctive trees or roda are commonly used as 
signals; should be visible over as Urge an area as possible. The 
signals must first be located accurately on the base map by trianguls* 
tioD methods (Section 6-2). They can then be used as a basis for 
locating outcrops, as by the intersectioo or pacing methods described 
earlier. 

locating points by ostimotos. The geologilt should become as 
proficient as possible at estimating distances in the fidd. Estimates 
should be us^ to check locations made by other methods; they can 
also be used to make fairly accurate locations. The steps that follow 
suggest one way to do this. 

1. Read the bearing to a distinctive feature and plot the bearing line 
on the map. 

2. Estimate the distance to the feature and plot a tentative point 
based oa this distance. 

3. Read a vertical angle to the feature and calcuUte die difference 
in devation between the feature and the point occupied (difference 
in elevation ■ horizontal distance X tangent of the vertical angle). 

4. Read the elevation of the feature from the map and use the 
calculated difference in elevation to determine the elevation at the 
point occupied. A second tentative point can then be plotted by using 
the contour lines. 
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5. If the two tentative points do not coincide, re-estimate the dis¬ 
tance to the feature and calculate the difference in elevation again. A 
few approxiinatioDS like this should bring the two points to coincidence, 
provi^ the ccmtours are spaced fairly closely. 

4-3. Locating Ooolegic Foaturoa by Travarsinp 

To locate geologic features in wooded areas, traverses must be made 
from whatever features can be ideotified accurately on the map. Com¬ 
pass-pace methods are generally suitable for these traverses, though 
a pe^p-sight alidade and traverse board may be preferred where mag¬ 
netic variations are appreciable (Section ff-2). Tbo mechanics of 
the traverse are similar to those described in Chapter 3 except that 
a proBle is oot required, and the map scale is typically smaller. 

Preliminary reconnaissance of a travene course in heavily wooded 
country may take nearly as much tlnte as the travene itself, but in 
fairly open country a reconnaissance may profitably indicate where 
outcrops occur, what they look like horn a distance, and the spacing 
of traverse lines needed to locate enou^ of them. In wooded or 
brushy areas, the traverse should follow the course of least resistance 
by making use of open ridges, stream oounes, paths, and clearings that 
permit relatively long and dear courses for bearings and pacing. Addi- 
donal outcrops are located by offsets from this skeletal framework, 
either by sin^ si^ts or by short accessory traverses. Where vegeta¬ 
tion is too tltidc to permit long sights, the traverse becomes intricately 
winding, and bearings axrd distances must be determined carefully to 
keep the plot from deviating widdy from its correct position. 

A llind' pace and compass traverse of several miles is likely to 
introduce errors that are greater than errors of plotting alone; there¬ 
fore, traverses must be tied as frequently as possible to points shown 
aocurately on the map. A traverse must always be started at such a 
point and must be ended at the same point or at one equally accurate. 
In tlris way the traverse's overall error of closure can be seen. This 
error may be treated as follows: 

1. Check the plot of the traverse against the recorded bearings and 
distances, and correct it u necessary. 

2. If there is a residual error, consider whether it is large enou^ 
to affect appreciably the alignment and position of geologic features; 
if not, leave the traverse plot unchanged. 

3. If the error is to large that important features may be displaced. 
r»^ the traverse to the point whero the error is detected, or is mini- 
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mized to meet the requirements of the project On traverses that close, 
or that curve in broad arcs, try checks across the course to locate major 
errors more quickly (Fig. 4~2). 

4. If it cannot be determined whether or not ft is worthwhile to re-do 
a travene to correct an error, leave the traverse as plotted and re¬ 
consider it when the map is more complete. Subsequent traverses may 
cross the traverse in question and locate the error. 

A large error of closure should not be altered on the basis of intui¬ 
tion. It may be distributed proportionately among the legs of the 
traverse by methods described in texts on surveying; however, such a 
buried (and easily forgotten) error may introduce errors into sub¬ 
sequent traverses or may affect conclusions regarding the geology. 

4-4. Using a Barometer (Altimeter) to locate Oeelegic Features on a 
Map 

In wooded or brush-grown areas where pacing is difficult and where 
there are only occasional open views of the surrounding country, a 
barometer or altimeter can be used effectively to locate poinU on a 
topographic map. The three prerequisites are: the contours of the 
map must be accurate, tbe contour interval must be sudi that the 
contours are spaced fairly closely, and the instrument must permit 
readings to within about 5 ft 

The instrument should be tested b^ore the field season to see if 
It will record small differences in elevation quickly and reliably. This 
can be done by taking successive readings on two or more floors of 
a building. Ilie barometer should also be tested to see whether 
normal handling and light tapping will appreciably affect readings 
taken at one elevation, for some instruments respond unfavorably to 
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oormal hiivdliog. TSe instrumeot must be handled carefully in the 
field and must be used well below the nuudmum elevation for which 
it was constructed. Details of the construction, maintenance, and use 
of these instruments should be obtained from the manufacturer and 
studied carefully (see, for example, Hodgson, 1957). 

A map point is located with a barometer by plotting a line along 
which the point is known to lie and then comparing the elevation read 
from the barometer with the contours crossed by the line. The line 
on which the point lies can be detemined in several ways. If the point , 
lies on a ridge, along a stream, on a trail, or on any other linear feature 
that is well defined on the map, an elevation reading from the ba> 
rometer is all that is needed to locate the point. If it is possible to see 
out to a feature that can be identified on the map. the bearing line to 
the feature can be plotted and the point located on this line by com¬ 
paring the contoxin with the elevation read from the instrument. 

Where a point must be located in a completely blind situation, as on 
a heavily wooded hillside, a bearing line to it can be determined by a 
short traverse from any point that has been located nearby. The 
barometer reading is then used to locate the point at the appropriate 
contour. This method is essentially one of traversing by vertical meas¬ 
urements of position rather than by horizontal ones, and on very steep 
or heavily wooded slopes it is more accurate than pacing. When ■ 
possible, both methods should be used. 

The barometer is sensitive to changes in atmospheric pressure other | 
than those caused by changes in elevation; consequently. It must be 
adjusted frequently so that all readings will refer to one datum. (, 
There are thrM principal causes for barometric variations at one eleva¬ 
tion: temperature changes, overall weather changes, and changes in ( 

local wind velocity or pattern. The correction for temperature is I 

aj^roximately O.OOki ft per *F for eadi foot read from the instrument ^ 

For example, if an instrument has been adjusted at a point of known 
elevation at a temperature of 50” F. and has then been nsoved to an 
unknown point wh^ at a temperature of 70” F, it reads 100 ft higher, ; 

the 100 ft should be increased by 0.0020 X (70 — 50} X 100, or 4 ft J 

Where the temperature at the second point is the lesser, the coirectioo | 

is subtracted from the reading. Tables and graphs to fadhtate these 
temperature corrections can generally be obtained from the manu- 
facturen of the instrument ' 

Probably the best way (conunooly, the only way) to keep an instru¬ 
meot adjusted to berometric changes caused by weather and wind is 
to check in frequently at points ^ known elevation. The most ac- 
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curate diecks can be made at bench marks w other surveyed control 
points shown on the map. Somewhat less precise checks can be made 
wherever an elevation can be read from the contoun of the map. 
These accessory points must, of course, be located independently of 
the barometer. In heavily wooded country the points can be located 
most easily along stream courses, ridges, roads, or other distinctive 
linear features shown on the map. Where openings permit, hilkide 
points can often be located by intersecting with a compass or by level¬ 
ing to nearby ridges with a hand level (Section 4-8). The optimum 
timing for making these locations and adjusting the instrument varies 
greatly with the situation. In most areas th^ should be timed at 
every 30 to 60 minutes, and the geographic course of a day’s mapping 
must be planned accordingly. During periods of high or gusty winds, 
it may be impossible to keep an instrument adjusted suitably. 

4-5. Whet te Plot on the Bate AAep 

Contacts and faults are the most important geologic features plotted 
on the map; they will be considered in detail in Sections 4-6 to 4-12. 
Folds are generally depicted on the map as a line showing the trace 
on the ground of the axial plane (Appendix 4). If the crest or trough 
is plotted, rather than the trace of the axial plane, this must be noted 
in the explanation of the map. Although these trace lines can be 
located and plotted directly in some places, symbols for most large 
folds can be drawn only after rock units and bedding attitudes have 
been plotted over Urge areas. Where folds are well exposed, it is 
important to observe and record: (1) the trend and plunge of the 
axis, (2) the strike and dip of the axial plane, (3) the plunge of small- 
scale folds associated with the axial region and limbs, and (4) the 
strike and dip of secondary cleavages, ot the plunge of the intenec- 
tions between these cleavages and the bedding. These data will be 
especially valuable if drawings can be entered In the field notes show¬ 
ing the actual shapes and interrelations of small-scale folds, cleavages, 
or other tecoodery structures. If possible, these drawings should show 
the fold in pro/Ue-that it, in a cross section drawn at right angles to 
the fold axis. Small-scale folds and related structures are described 
in Chapter 15. 

A large number of planar structures can be plotted as symbols that 
show their strike and dtp; the more common of these are bedding, com¬ 
positional layering (’’banding') in igneous and metamorphic rocks, 
various cleavages and mineral foUatioos (including flow structures in 
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Igneou* rodcs), veins, snd joints. These various structures must be 
as accurately as possible and plotted with distinctive symbols 
that show dearly what kinds of features have been mapped. Planar 
and linear structures are described and illustrated in Chapters 12, 13. 
14. and 15. 

Symbols should be as standard as possible (Appendix 4). Where 
they must show unusual structures, a small letter or abbreviatioo can 
indicate their special meaning. 

Numbers for specimen localities and field iwtes can be plotted by 
pUdng a dot at the location and lettering the number next to it To 
keep plotted numbers to a minimum. daU that do not refer to specific 
points can be located in the notes by reference to geographic features 
or to other plotted numbers. 

4-6. Koch Units for Mapping 

A rock unit or lithologic unit Is a rock body disKnetive ertough to 
be delineated from adjacent rock bodies along surfaces called con¬ 
tacts. Mapping the traca of these contacts is the most important 
single procedure of most field projects; thus Hie nature of contacts 
and ro^ units should be considered carefuUy both before and during 
the field season. Rode units large etwugh to plot on maps (mappable 
or cartographic units) provide the pracUcal. demonstrable basis for a 
geologic survey. In many regions sudi units have already been de¬ 
scribed and named formally in the literature. In regions where units 
have not been designated, new units must be mapped, studied, and 
ultimately defined and named. Buies for classifying and naming sedi¬ 
mentary units are given in Section 12-2, and suggestions regarding 
units of igneous and metamorphic rocks are given in Sectioru 13-2, 
14-2, and 15-2 

Rock units are sometimes called Hthogenetic units because each 
forms under nearly uniform conditlODS. There is a great variety of 
primary (genetic) characteristics that may make a given rock body 
distinctive. The more important of these are listed in Section 1-5. 
Some units consist of one rode only, as shale or granite others are 
intercaktloos of two or three closely related rocks, as thinly bedded 
shale and limestone, or interbadded sandstone, siltstom, and mudstone; 
still others are characterized by several different rodcs that typically 
form in one environment, as a mixhire of piDow lavas, ntafic tuffs, vol¬ 
canic sandstoiKS, red dwrt, and dark shales. 

In addition to being lithologically distinctive, useful rode units must 
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have contacts that can bo located and traced out in a reasonable 
amount of time. Unconformities are ideal contacts because they are 
sharp and they clearly eipress the changes in conditions that ended 
the formation of one rock unit and began another. 

Xey beds. In structurally confusing or lithologically monotonous 
terrains, distinctive beds that are too thin to pbt to scale should be 
mapped as single lines. Examples of such key beds ore tuff or ash 
layers, carbonaceous beds, ^auconite-rich layen (greensands), dis¬ 
tinctive day beds, thin fossiliferous beds (blostromes), and fossil soils. 
In many cases, a given unit of this type is nearly synchronous over a 
large area, and it can therefore serve as an approximate time horizon. 

Matthing or eorroloting rock unlta. Before mapping in a region 
where rocks units have been established, publish^ definitions and 
descriptions of the units and their contacts should be consulted. If 
possible, the type areas of the units should be visited to see exactly 
what the rocks and conUcts look like and to collect samples for later 
comparisons. In the area to be mapped, units can sometimes be identi¬ 
fied by tracing them continuously from the type area or from other 
mapped areas. This is not practicable in most cases, however, and the 
rocks in the new area must then be compared with the type units by 
examining them where they are well exposed. Lithologic details can 
often be \ued to match the units; however, tfaae details become less 
reliable as the distance from the type area increases. Moreover, nearly 
identical rocks can occur at mc»e than one stratigraphic position or in 
more than one igneous body. Correlations should then be checked by 
matching similar sequences or associations of units. Ono of several 
shale units, for example, might be recognized because it is the only 
one underlain by a thick sandstone and overlain by a thin limestone. 
Sometimes entire sequences of similar units can be matched on the 
basis of one cm' two key beds or persistent unconformities. 

Fossils provide another means of identifying units, although they 
must be used with caution. Ideally, a given unit is characterized by 
an assemblage of fossils that are closely related ecologically. A sand¬ 
stone, for example, might be recognized widely by its suite of neritic 
fossils. Fossils that are not ecologically equivalent do not disprove 
the identity of two sandstone outcrops, for a single unit may have 
been deposited in more than one environment, or fossils from different 
environments may have been transported to it. If units are identified 
at widely separated localities by the geologic age of the fossils they 
contain, two kinds of situations can cause errors. First, the age of a 
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given unil mty vary laterally^ thus fossils from different areas might 
seem to disprove continuity of the unit Second, some fossils do not 
permit sufficiently limited age determinations to prove or disprove 
Hthk conrelatioos. Two outcrops of shale, for example, are not neces¬ 
sarily correlative simply because each bears Early Cambrian fossib. 
Further suggestions r^arding units based on time rather than on 
lithologic characteristics are given in Sectioa 12-2. 

Selecfin^ new unht. It is often impossible to identify a complete 
suite of established units in a new area, even after considerable re¬ 
connaissance. New units must then be selected arkd defined, or per¬ 
haps established units should be subdivided or redefined. First, how¬ 
ever, the established units should be evaluated fairly and completely, 
for redefined names tend to confuse the published stratigraphic record. 
New unib must be of practical value; thus they should be as distinc¬ 
tive and genetically meaningful as possible. Some units cannot be 
defined exactly until adjacent units have been mapped. Mapping 
should, consequently, start with the more clearly delimited of the 
tentative unlb. 

4-7. Mapping Cenlacts between Reck Unib 

Tracing and plotting contacb between rock unib are basic proce¬ 
dures of geologic mapping. This is the most efficient way to map 
unib at small and intermediate scales (1:24,000 or less), especially 
where rocks are well exposed. The method of plotting each exposure 
to scale (Section 4-S) should be considered for larger-scale mapping. 

Mapping is best started along a sharp contact between two distinc¬ 
tive r^ units. The contact should be mapped by walking along ib 
trace and plotting poinb on the map %vhere the contact can be seen or 
where ib position can be inferred closely, as within in. on the map. 
The number of poinb that must be located accurately will vary with 
the degree of irregularity of the contact If the poinb are spaced H 
to in. apart on the map, the contact can generally be plotted be¬ 
tween them with little error. A sharp, well-exposed contact b drawn 
as a solid thin line. This line should show the actual location of the 
contact except where minor irregxdarities must be generalized because 
of the scale of the map. The strike and dip of the contact should be 
measured and plotted where possible, and aQ data that may be perti¬ 
nent to ib origin should be described in the notes. Lines and symbols 
must be plotted neatly and exactly. Inking in the office will improve 
the appearance of the lines but it cannot improve their accuracy; in 
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fact, Inldog ba^ the uofortuoate effect of making sketchy lines appear 
eiacL 

Many contacts are exposed at only a few places^ some are not ex¬ 
posed at all in natural outcrops. Such contacts can be mapped by 
walking a zigzag cotirse betwm outcrc^ of the two rock units that 
lie on either side and by plotting a line that passes between the limits 
thereby established. These limits are often so narrow that the line 
will be located as exactly as a well-exposed contact (at a scale of 
1:24,000, for example, within about 100 ft). More approximate con¬ 
tact lines should tw drawn with dashes, and altbou^ the for 
these symbols are not standard (varying with the project and the 
personal feelings of the geologist), it is desirable to set limits for each 
project. Dashes about % in. long, for example, ml^t be used for 
oonUcts located within Mo on the map, while dashes about Mo in. 
long might be used for less accurate contacts. Question marks can be 
added to dashed lines when the existence of the cratact itself is un¬ 
certain. Such admissions of inexactitude do not commonly appear 
on published maps, but they are an important part of the field record. 

There are several means for locating traces of poorly exposed con¬ 
tacts, and the success of a field project may depend on how skillfully 
they are used. Rock fragments in the soil or mantle often delimit 
the area underlain by a given unit. Even where downslope creep has 
displaced and mixed the float, the upslope limit of fragments from a 
unit can be used to locate the upslope contact of that unit (Fig. 4-<3). 
When rocks such as shales, tuffs, and soft siltstones are covert by a 
soil that carries no rock fragments, burrowlog animals commonly 
bring up fragments of rock from the subsoil. Units of soft clastic 
rocks can often be identlfled by scattered concretions or hard fossils 
in clayey soils. Where no large residual fragments can be found, the 
compositioo, color, and texture of the soil itself may be used to trace 
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67 


Moftuo/ of fhtd Goology 

cootacts between many rock units. Contacts between such units as 
sandstone and shale, sandstone and limestone, or granite and gabbro, 
can be located by the distribution of abundant quartz grains in the 
soil More subtle differences between wUs will become apparent as 
mapping progresses and the soil profiles of the various rocks are 
examined (Section Vegetation commonly varies from one 

bedrock unit to another, particularly in areas of moderate rainfall and 
high summer temperatures. When these variations cannot be seen 
on the ground, they can often be distinguished on aerial photographs. 
Still another aid in locating unexposed conUcts 1$ the break in slope 
at the Junction of units that differ in their resistance to weathering 
and erosion. Some units can so control the topography that they lie 
entirely in valleys, while others may form low ridges or lines of hills. 

Wbra there is no indication of the trace of a contact, it can be pro¬ 
jected on the basis of strike and dip symbols measured nearby. This 
can be done by standing where t^ contact is exposed, setting the 
clinometer of the compass for the dip of the beds, ami sighting in the 
directiOD of the strike as if measuring the dip. Several points are 
located accurately on the map where the imaginary projected surface 
intersects the ground surface. The trace of the contact is then dashed 
in between th^ points to conform naturally to the topography. This 
nsethod is particularly useful In mapping sedimentary rocks, but it 
can also be used where metamorphic rocks have persistent com¬ 
positional layering, or where igneous rocks have planar structures 
parallel to their contacts. 

The contacts can also be constructed in the office by projection 
methods (see. for example, BilUngs, 1964, p. 427; Nevin, 1949, p. 359). 

Covered vnlts. Most of the methods described above must be 
used with caution where bedrock units are covered by transported 
surSdal deposits sudt as glacial drift Outcrops in these areas are 
likely to be scarce, but can usually be found by careful searching 
along stream courses, ridges, and road or railroad cuts. Data from 
water wells, drill holes, quarries, and other excavations should be 
used wherever possible. Bedrock feature can generally be found 
and interpreted mote effectively if the surfidal deposits themselves 
are mapped and studied (Section 12-11). After the surfidal units 
are mapped, for example, bedrock float and topographic fonns can 
often be used to locate concealed bedrock contacts. Even well-exposed 
bedrock struchires should be interpreted in li^t of surfidal deposits. 
Fokls in bedrock outcrops, for example, could be caused by glacial drag 
os well as by tectonic forces. Whether surfidal deposits are mapped 
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or not, tbe methods described in Section 4-8 should be used to plot 
bedrock outcrops. 

4-S. MappirtQ by the Outcrop or Exposure Method 

Treeing contects is an eSdent method of maf^g at small and in¬ 
termediate scales, but If tbe map scale is large (1:12.000 or more) the 
outcrop or exposure method is often preferable. In this method, each 
exposure is plotted to scale by drawing its contact with tbe surrounding 
surfidal materials {Fig. 4-^). Although small outcrops must be gen¬ 
eralized, the contact lines should show the shapes ai>d sizes of the 
outcrops as exactly as possible. Contacts between bedrock units are 
drawn as solid lines within outcrop areas and as dotted lines across 
covered areas. Tbe outcrops should be mapped by working systemati¬ 
cally across an area; otherwise the oontinulty and stgnifirance of bed¬ 
rock structures can be missed. 

Letter symbols or colon can be used to designate the units within 
the outcrop areas. Some geologists use colored ink for the lines around 
exposed areas to distinguish them from other contacts. Others draw 
the lines in black ink, but then add a colored line on tbe side away bom 
the exposure; this clarifies the positions of Urge, irregular exposures. 

One advantage of the outcrop method is that observed facts are 
separated clearly from inferertces. Another is that other geologists 
can find isolated or hidden outcrops easily, and can thonsclves evaluate 
the evidence on which concealed contacts have been drawn. A further 
description of this method has been given by Greenly and Williams 
(1930, especially pp. 189-208). 
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4-9. D«fininfl and Mapping Orodotienel CentacH 

V/here two rock units grade into one another, criteria for mapping 
a contact must be established with care and used consiateQtly. The 
gradation should be examined at several places where it is well ex¬ 
posed so that its genetic significance can be considered. The criteria 
for drawing a line should have geaetk meaning and be such as to 
persist laterally. If there is no clear genetic basis for drawing a con¬ 
tact, an arbitrary physical criterion can be used for a particular area 
and project Criteria must be evaluated as to the ansount of exposure, 
the scale of the base map, and the schedule of the project, for mapping 
gradational contacts may be difficult or time consuming. 

In one type of gradation, rock units grade Into one another through 
a gradual change of texture or eompodtion. Such gradations probably 
form when conditions of genesis change slowly and continuously. Ex¬ 
amples of these gradations are sandstone units that grade through sihy 
sandstones to argUJaceous siltstones, mafic granitic rocks that grade 
to light-colored granitic rocks within a single pluton, and slates that 
grade tbrou^ phylUtes to increasingly coarser-grained schists. Con¬ 
tacts between theU units nuy be drawn at the center of the zone of 
gradation, or at the place where a particular mineral or textural fea¬ 
ture {average grain size, pebbles, phenocrysts, etc) Is first noted. 
If the zone d gradation is narrow relative to the scsde of the map, and 
the criteria chosen can locate It quite exactly, a solid line can be used 
on the map, as described in the last section Because gradational con¬ 
tacts may pass laterally into sharp contacts, however, the line will be 
more meaningful if plotted with some special symbol The hachured 
symbol suggested in Appendix 4 and Fig, 4-S is not standard, but it 
expresses the sense of gradation as well as the indefiniteness of the 
contact. A Une consisting of short in.) dashes has been used 
more widdy for gradational contacts; however, this symbol has also 
been used for infened contacts and for poorly located sharp contacts. 

In a second type of gradation, units grade into one anothW through 
a zone in which rock types are Intercalated or mixed. Such relations 
Indicate that genetic conditions oscillated between extremes as they 
changed or possibly that materials were mixed grossly, as by intrusion. 
Examples are sandstone that grades to shale through a zone of inter- 
bedded sandstone and shale, granite that grades to schist through a 
zone of schist that is impregnated with granite velot, or peridotite 
that grades to gabWo through a tone of interstratified basic and ultra- 
basic layers. These ocmtacts may be mapped by locating midpoints 
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in the gradatkm as described above; however, some may be mapped 
more exactly by drawing a solid line at the top or bottom of a bed or 
layer of a certain minimum thickoeas or a certain Htbology. The con¬ 
tact between a unit consisting mainly of sandstone and a unit con¬ 
sisting mainly of shale, for example, could be drawn at the top of 
the uppermost sandstone bed that is more than 10 ft diick. This 
dioice might have been made because a thidc sandstone bed is likely 
to crop out whereas other components of the gradationaj zone are not 
On the basis of sudi a criterion, the contact has the sense of a sharp 
contact. Nonetheless, mapping such CMitacts may become quite In* 
vohred. In particular, units that grade through intentratified zones in 
a vertical (stratigraphic) sense are also likely to grade into one another 
in a lateral sense. Figure 4-5 shows a case of intertonguing sedi> 
mentary units, along with three conUct symbols used to plot the grada- 
tkm. If outcrops are scattered, a contact started at Af in the figure 
might be traced to N and then jumped down to the next bed of suit- 



Rf. 4-s. Gradattonsi seas betwsen s ssndstaos (uapatUnsd] and s itiaJe unB, 
sbowing three ways of plotting a oontaet (below). 
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able thickness at point 0. A bachured symbol may be used to bridge 
the gap (expressing the lateral gradation), and the contact can then 
be continued to P and beyond. In the second case, outcrops are so 
abundant that the individual wedge-shaped beds can be traced out 
completely. Mapping of this sort may be so tedious, however, that 
it deteriorates into a sketching of relations that are not as reliable as 
the plotted lines would seem to indicate. In the third case, outcrops 
are so scarce that the top of the sandstone bed can be located only 
here and there, and a hachured symbol may be used to ioin the poinU 
in a generalized way. Although the three contacts in the figure show 
diHerent amounts (rf detail, each expresses the gradational natme of 
the oontact. 

As mapping progresses, cri t eria should be reviewed from time to 
time and both dimensions and the nature of the gradations should 
be described in the notes. Samples should be collected for petro¬ 
graphic study of the gradatioDS. These data will be needed for defi¬ 
nitions and interpretations of grSKUtional relations in the final report. 

4-10. Using Colored Pencils In Mapping 

Waterproof colored pencils can be used effectively to map rode 
units whore outcrops are scattered or gradations are broad. A dis¬ 
tinctive color should be chosen for each unit and a mark made on the 
map at each outcrop of the unit. Most outcrops must be shown 
diagrammatically by snuU spots, but the larger ones should be drawn 
approamately to scale. The marks must be made so lightly that con¬ 
tours show through them and structure symbols can be plotted over 
than. As an area Is mapped, the colored spots will show not only 
where contacts must pass but also the dimetuional accuracy of their 
location. 

Where colon are used to {dot outcrops of certain rock types, grada¬ 
tional zones will appear as uncolored bands, and a gradational contact 
symbol may then ^ located within this band. This method of finding 
gradational rock boundaries is particularly useful for internal con¬ 
tacts of plutonic Igneous bodies, zones of aheration, or contacts be¬ 
tween metamorphic zones, as all of these boundaries may be irregular 
and unpredictable. 

Traces of key beds and small intrusive bodies such as thin dikes and 
sills will be more distinct if drawn with colored pencils. Important 
variants within a major lithologic unit, like conglomerate lenses in a 
sandstone formation, can be plotted as lines and dots of a distinctive 
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color. Colored pendb may also be used for faults or fold axes where 
structural data are crowded on a map. 

Pencil marks must be moderately erasable and waterproof. Since 
pencils are lost easily in the field, a piece about 2 in. long may be cut 
from eadi and carried In a pocket A color can be selected quickly 
foom these stubs, and if ooe is lost it can be replaced from the supply 
in camp. 

4—11. Trocing ond Plotting Faults 

Faults must be sou^t out and mapped with care. Supposed faults 
have been plotted on the basis of a few sUdcenstdes or a valley that 
lies suspiciously across the strike of beds; whereas some actual faults 
have gone unmapped because they could not be seen in many out¬ 
crops. This occurs partly because most faults form zones of crushed or 
altered rock that erode easily and therefore are rarely seen In natural 
exposures. Furthermore, where faults are exposed, minor ones may 
appear as impressive as major ones. Superficial shears formed by 
landslides, for example, may be prominent in shallow cuts. 

The geologic map provides the most Important evidences of faulting: 
(1) offsets of contacts between rock units, (2) repetition of rock units, 
or (3) cutting out of parts of rock units. The mapping of contacts and 
the determination of detailed stratigraphic sequences will therefore 
show the positions of most faults. 

During the early stages of mapping, when the stratigraphic sequence 
is known only in part, unexposed faults (or possible faults) can be 
recognized by: (1) nearly straight scarps that trend somewhat uphill 
aiKl downhill. (2) nearly straight valleys that cross structures obliquely 
or that appear to offset other valleys, (3) lines of ponds, springs, or 
water seeking plants, (4) linear zones of alteration, strong cementation, 
or discoloration, (S) abrupt changes in attitude of bedding or folia¬ 
tions, (6) abrupt termination of folds, dikes, or faults, and (7) blocks 
of Boat that are foreign to the underlying rock units, vhien such 
features are seen clearly from a distance or on aerial photographs, 
they should be sketched tentatively on the map. These possible faults 
are then examined and either proved by mapping of adjoining rode 
units or disproved by tracing contacts or beds across them. The trace 
of a fault should not be projected as a straight dashed line without good 
evidence, for some faults turn abruptly, and many end suddenly in a 
flexure or a maze of minor faults and joints. 

When a fault has been detected by the mapping of rock units, it 
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Hf. 4-«. Son* iMful f«tur« thM doay 
b* fooad oo u>d ovr turfaoM. 
Note that tU this b«di ai* bmt by drag 
bot tka tUdc ooet ara tsot 


*houW be sought out oo rteep valley walls, in road cuts, quaities, 
mine workinff, or any place where data on its dip and structural de¬ 
tails Di^ be obtained. Where the fault b expoe^ poorly or in only 
two cbneBnoRS, it should be excavated so that the actual fault surface 
or fanlt zme be exanuned. After the average strike and dip have 
been resd and pbtted, the surface should be examined for striations, 
grooves, or mafot comigationi (caDed rmjlion by many American 
gcologbti}. The trend and plunge of these linear features are Indlca* 
tivB of the latest raovemeot. The relative direction of movement may 
be indicated by feather jointi (gash fracSures), drag folds, or small 
Steps on the face of the fault surface (Fig 4-6). Because these de- 
taib may oot indicate the direction of net slip, they should be de¬ 
scribed or drawa to scale in the rsotei and re-evahiated later along 
with all ttraligiaphic evidence. The notes should also record the 
thickness and ditribution of gouge, mylonite. breccia, veinlng, and 
alteration, as wdi as detcriptioos of foreign rock fragments that may 
give dues as to die direction and the amount of displacement. 

Faults should be plotted as lines that are about three times as thick 
as ooatact Koes cr ebe as rbin lines of a distinctive color (green attd 
red are used cosanonly). Long dashes should be used for approxi¬ 
mate locaiioos, and the limits of "approximate" should be standardized 
for a gives project Questioo marks may be inserted between dashes 
when both the location and the existence of the fault are in question. 
Faults that have been observed at only one place and cannot be 
traced elsewhere should be plotted ts a thick strike Uire widi an arrow 
to in d t rs tte the dip. Various accessory symbols for bults are shown 
in the list of synboU (Appendix 4). 
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A quevtioo often arises as to how much movement qualifies a ^ven 
fault for mapping. Space and time allowing, all faults that are ob¬ 
served or that are deduced with reasonable certainty should be plotted, 
for the attitudes and spadng of minor faults can be useful in interpret¬ 
ing large-scale defonnation. For many projects, however, only those 
faults that offset contacts oa the map are likely to be worth tracing 
out and plotting. The offset on the map should iMver be exaggerated 
to emphasize the position of a fault. 

4-T2. Methods of Appreximeto (Roconnoitsence) Mapping 

The term reconnoittanca is applied to incomplete or approximate 
mapping that helps plan or reconnoiter more dialled and generally 
more local studies. Reconnaissance mapping can also enlarge the 
scope of local studies by providing a general geologic picture of the 
surrounding region. Some entire projects must utilize approximate 
methods, and they are sometimes called reconnaissance perfects to 
indicate the scale and precision of the wevk. Mapping of this sort 
may be necessitated by limitations of time or fun^, by the poor 
quality and small scale of base maps, or by heavy brush, forests, or 
deep soils that make it impractical to trace out all rock units and 
structures. Reconnaissance maps may therefore range from fairly 
complete geologic maps to mere sketches that block out only the largest 
rock units and structures of a region (Fig. 4-7). 

Probably the most Important step in reconnaissance work is to 
choose rock units that are Urge enough or distinctive enou^ to be 
mapped easily. This may require the grouping together of units that 
would otherwise be plotted separately, as sequences of units with 



Hf. ^7. Baconmitsutec skit«h map, showing the use of labels and brief notee. 
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gradatioiul conUcts. Unconfonnitiea •« ideal contacts for recon- 
Daissance mapping because they are generally sharp and meaningful. 
Faults may be plotted readily where they are expressed clearly in the 
topography, but only those faults that cause major ofeets of rock 
units can be detected by stratigraphic mapping. Many faults must be 
sketched approximately or placed In the category of questioned or 
possible faulU. Major folds will be shown by the mapping of rock 
units, but in metamocphic terrairu it may be necessary to use small- 
scale folds and cleavage-bedding relatioDi to detect major folding. 
Whether other small-scale features should be observed and plotted 
will depend on tbe purpose of the project If, for example, one ob¬ 
jective of a reconnaissance is to determine the approximate distribu¬ 
tion of small-scale faults, a distinctive contact or key bed can be 
walked out and small offsets sketched in a qualitative way. 

In contrast to exact studies, few contacts can be walked out oom- 
pletdy in reconnaisunce mapping. Instead, traverses are generally 
made along roads, streams, ridj^, or trails that cross the strike, and 
contacts are plotted as they are crossed. Tbe approximate trace of 
a given can often be seen from a ridge or road^ thus it can be 

dashed in for a considerable distance. When there is doubt as to its 
continuity, question marks can be iiuerted in the contact line or de¬ 
scriptive queries can be lettered direcdy on tbe map. If contacts are 
completely concealed between travenes, tbe points must be joined by 
Uses that are drawn to conform to the bedding and tbe topog¬ 
raphy. This connecting of points should be done in the field, where 
changes in soil color, vegetation, or slope can be used to locate the 
trace of the contact. Field glasses will assist this work greatly, and 
aerial photographs will commonly show indications of contacts and 
faults that cannot be seen easily on the ground. Because of the scale 
of tbe work, structural attitudes must be averaged over a number of 
outcrops. A given strike and dip symbol may show tbe average at¬ 
titude for an area of one quarter of a square mile or n>ore. 

4~13. Daily ReuHnt of PieW Work 

To complete a map in a predetermined amount of time, it is often 
necessary to set up an exacting schedule and to follow it closely. Un¬ 
foreseen factors usually work against a schedule. In an area of fairly 
complex geology, thorough mapping at a scale of 1:24,000 should 
average H to ^ sq mi per day. One man will therefore require 
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3V4 field months, working 6 days a week, to complete one 
quadrangle. 

Ground miist be covered thoroughly and efficiently, but not neces* 
sarily rapidly. The tendency to walk as fast as possible to the highest 
points in the area must be overcome, as must the feeling that mapping 
cannot be started until most outcrops have been seen and understood. 
One should use a vehicle when d^g so will save tin\e and should 
walk around brushy or dangerous ground where little if any useful 
data can be obtained. Study of aerial photographs the evening before 
each field day may greatly increase the efficiency of mapping. 

The amount of notes taken will vary a great deal with the project. 
Regardless of the pace of the mapping, it is a good idea to pause every 
20 or 30 minutes, think over what has been seen, and set down at least 
a brief note, even if no more than that the rocks are the same as those 
last described. Notes on minor lithologic variations, taken while 
catching one’s breath, may prove very valuable at a later time. It is 
inefficient to have to return to outcrops ti> fill in items that were over¬ 
looked because the initial mapping was hurried. Often, several hours 
must be spent observing, colling, and writing at critical outcrops. 

Field work must be supplemented by work in the office or camp, 
and this is best done each evening. Locality numbers, structure sym¬ 
bols, and contacts that ore completed should be Inked in black water¬ 
proof ink. Faults may be inked in red or green to avoid nuking broad 
black lines that might obscure other feature*. Specimens may be un¬ 
packed, chedeed against the field sheets, and relabeled as necessary 
(Section 1-8). If space permits, they may be laid out in order of 
age or geographic distribution so that comparisons and cross checks 
can be made easily. Every few days, as parts of the area are com¬ 
pleted, geologic features should be transferred from field sheets to 
the office map, which may be colored lightly to show the distribution 
of units. Another copy of the office map may be used to plot all sped- 
men localities. 

Cross sections should be prepared from time to time across various 
parts of the area because tb^ provide a means of detecting structures 
that were missed in the field. They also permit a critical check of 
correlations of partially concealed rock units and structures. Using 
the cross sections, summaries of the field notes should be written to 
test the data and ideas developed at each stage of the work. Incom¬ 
plete or puzzling relations can then be re-examined. The summaries 
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and crou soctions should be saved (or use during the preparation of 

the final report 
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Mapping Geologic Feotures 
on Aerial Photographs 


S-1. Kindi of Aorial Phoregrophi and Thoir Um 

Three kinds of eerUl photographs can be used by geologists. Verti¬ 
cal photograph* are taken by a camera aimed vertk^y at the earth's 
surface. They are used widely as a base for geologic^ mapping be¬ 
cause they are similar to planimetrlc maps. Low obHiftta photographs 
are taken by a camera aimed at an angle to the verdcaJ, bmt not so as 
to include the horizon. Aerial photographs showing the horizon are 
called high oblique photograph*. Oblique photographs cover much 
larger areas than vertical photographs, but they are not generally used 
for geologic mapping because thedr scales change greatly from fore¬ 
ground to background. They provide ovesall views of large areas, 
however, and are therefore valuable in geomoiphlc and structural 
studies. 

The great value of aerial photographs lies in their detailed picture 
of the earth's surface. The most detailed maps lade their exact render¬ 
ing of trees, clearings, trails, gullies, and countless other small features 
that can be used to locate ^e positions of geologic features in the 
field. Moreover, adioining vertical photographs overlap, making it 
possible to obtain a three-dimensional or stereotcopic image of the ter¬ 
rain covered by the overlap area. This image is so unmistakable that 
it can be used quickly to make approximate locations in hilly or moun¬ 
tainous country. two kin^ of areas cannot be mapped readily 

on aerial photographs: areas of low relief (slopes less than about 5*) 
where the ground ia covered monotonously with grass or brush, and 
areas where there is a heavy forest cover. 

Besides serving as a base for plotting geologic features in the field, 
aerial photographs can be used before the field season to gain an idea 
of the geologic features and accessibility of an area and. after the 
field season, to aid in compiling geologic and geographic data on maps. 
Photographs should be examined each evening to plan the next day's 
mapping, even though the mapping itself may be done on a topographic 
map. T^ will locate routes that develop the geologic features effec¬ 
tively and give access through areas of hMvy brush, cliffs, deadfall, or 
thick woods. 

Tt 
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In some areas, aerial photographs show outcrops, rock units, and 
structures so clearly that contacts and other features can be drawn on 
the photographs after comparatively little field work. The term 
f^togeology applies to geologic studies based entirely or almost en¬ 
tirely on examinations of aerial photographs in the oSce. Photogeo- 
logk methods should be used in the planniog stage and also for find¬ 
ing and tracing structures that are obscure on the ground. These 
itietbods are described by Eardley (1941), Smith (1943), Lueder 
(ldS9), the American Society of PhcMogrammctry (I960}, and Ray 
(1960). 

Another field related to geology is that of pho(ogramm«tiv. which 
includes methods of ntaking maps and various measurements from 
aerial photographs. This chapter and Chapter 9 explain briefly how 
aerial photographs differ from maps and hw a pla^metric map can 
be made from them. Books such as those by Swanson (1949), Moffitt 
(19S9), and the American Society of Fbotogrammetry (1952) describe 
photogranunetric methods in detail 

5-3. How Vortical Aortal Photographs Aro Mado and Indoxod 

Cameras used for most vertical aerial photography are mounted in 
such a way that they point downward, despite moderate tilting of the 
aircraft. The cameras have motor-driven, timed film winden and 
shutters that expose successive frames on a roll of film at a rate that 
gives about 60 percent overlap (the end lap) from one photograph 
to the next (Fig. VI). The photographs are numbered consecutively 
in the order in which taken. The aircraft is flown on as straight a 
flight line as possible, and the photographs taken along it comprise a 
a /light atrip. If flying is executed perfectly, flight strips are straight; 



Rf. s-i. Parts of two flight strips of serial photographs, saportaiposed to show 
characteristic ovethpe. 
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however, they are unially somewhat irregular because of lateral drift 
of the aircraft 

When one line has been flown to the boundaries of the area, another 
is started parallel to it and spaced so as to lap over the adjoining strip. 
This aide lap is typically about 30 percent of each strip. 

When all of the area has been photographed, the contact prints ate 
laid out so that features in the overlap ueas are superimposed. This 
layout is photographed and printed at a reduced scale to make a photo 
index of the area'. A north arrow, a bar scale, the dates of photography, 
the number and geographic name of the project, and the approximate 
average scale of the photographs are all listed on the index. In addi¬ 
tion, the photograph numbers can be read from the iirdex. 

S-3. Differaneas batwaan Varticol Aarial Pholagraphs and Mops 

A precisely vertical photograph of a level plain Is as accurate In its 
scale and directional relations as the best map. Most aerial photo¬ 
graphs depart somewhat from this Idea] because the camera may have 
been tilted from the vertical, or the terrain may not be level. The 
effect of an exaggerated rih is shown graphically in Fig. 5-2. The 
rectangular grid shows that the scale varies across the photograph and 
the directional relations between such points as A and B are distorted. 
Fortunately, the amount of tilt is usuaUy so slight ib effects are ne^- 
gible. although severely tilted photographs may be taken now and 
then in areas where relief b high and air conditions unsettled. Methods 
of detecting tilt and correcting approximately for lb effeeb are de¬ 
scribed in Chapter 9. 



Ha. S-S. Tik of the aircraft (left) produce* a diitartioa of the rectanfular grid, 
a* ihowD in the aerial photofraph oa the rt^it. 
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M OlKoftiaa nuMd by raM. Tb* ra cfn yilt r frtd on tb» hlfh rtdfo 
(M) appoan In n photognpb u ibown on the rl(b(. 


Distortion* due to relief, which tre fnr more common tod more ex¬ 
treme thtn those due to tik, tre ctused in ptrt by varittkKU in sctle. 
The sctle for etch ptrt of a photograph varies directly with the distance 
between the camera and the corresponding points on the ground. 
Figure 5-3 shows bow a rectangular grid superimposed on a high 
rounded ridge is distorted in a vertical aerial photograph. Although 



R*. s-4 Ef«ct ef the angulai rakbon batweae tlopaa and photo raya. Iha oat- 
crap widtfat of (ha •*»>«< itMM tnll an maricodly diSerant on diraa nieeaaalva 
pbotognphi (bonoan) bacanae af the poaftion of the alraraFt and tba fadng of 
tha alope. The true map widUi of tba aait la down in photofraph ft. 
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the relief In thii figure is greater thao average, the geometric relations 
are not exaggerated. Even moderate distortion of this kind must be 
considered when pbtting geologic features on aerial photographs. 

In addition to the distortions caused by variations in scale, further 
distortions are caused by the angular relations between photo rays and 
the slope of the ground. In Fig. 5>-3, for example, this has resulted in 
a crowding together of the oorth>south lines oo each side of the rid^ 
Because this effect is especially bothenome in the outer parts of a 
photograph, only the central part is used for mapping (Fig. 5-4). 

5-4. Obtaining a Stereoscopic Imago from Aerial Photographs 

A stereoscopic image is one in which depth appears unmistakably 
real. It can be obtained from two aerial photographs because the 
camera recorded two separate views of one object. Two photographs 
taken in this way are called stereo pain, and each flight strip of a 
photographed area consists of a series of such pain. The stereoscopic 
image that can be obtained from one pair incudes only the area of 
overlap (about 60 percent) of any one picture^ however, by using one 
consecutive pair after another, an entire area can be examined 
stereosoopically. 

A stereoscopic image can be obtained readily from two overlapping 
aerial photographs by using an instrument called a ttttaoacopo. The 
most simple, least expensive, and handiest stereoscope to cany is the 
pocket stenoacopt, which consists of two magnifying lenses set in a 
folding metal frame (Fig, 5-5). When this instrument is set conectly 
over the two photographs of a stereo pair, one eye looks at one 
photograph, the other eye at the second photograph. A clear stereo¬ 
scopic image can then be seen. Unless this is done correctly, however. 



S-S. Posltian of podcet (tereoeoope ietativ« to two pbotofripiw of a Mweo pair. 
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it con be tiring and perhaps damaging to the eyes, cofksequeatly the 
^ollowing instructions should be followed. 

1. Set the adjustable sleeve of the stereoscope so that the centers 
of the lenses are the same distance apart as the pupils of the eyes. 

2. Place the two photographs of a stereo pair on a sriMOth level sur¬ 
face, arranged so are in the same consecutive order and orienta¬ 
tion as in their flight strip (Fig. S-5). 

3. Pick a distirtctive feature that lies in the overlap area near the 
flight line (this Imagioary liiw passes through the centers of all photo¬ 
graphs in a flight strip). 

4. Place the photographs over one another to that their images 
coincide; then draw the pictures apart in the direction of the flight Une 
until the two imagea selected are separated by about the tame dis¬ 
tance as the centen of the lenses. 

5. Place the stereoscope to that one image is under the center of 
one lens, and the axis of the stereoscope coincides with the flight lixke. 
Carefully adjust the other photograph, moving it only in the direction 
of the flight line until the other Inuge of the feature is under the 
second lens. 

6. Look in the stereoscope; If a three-dimensional image is not seen 
at once, make the two parts of the double image coincide by moving 
the photographs, or perhaps the stereoscope, along the fliglit line di¬ 
rection. 

7. If the three-dimemioaal image still is not seen, or if it is seen 
only by straining the eyes, the photographs or the stereoscc^ may re¬ 
quire a slight turn from the supposed flight line. This is especially 
true in areas of high relief, where only a small part of the overlap area 
can be teen stereoscopically at one time. 

8. In order to see the part of the overlap area concealed beneath one 
photograph, bend the overlying pichire up and to one aide, being 
careful not to fold or crease it 

Another type of stereoscope in general use is the mirror Hereotcope 
(Fig. 5-8). It gives a view of an entire overlap area at one setting; 
however, it is too large to cany in the field. 

Magnifying stereoscopes exaggerate the apparent relief of the ter¬ 
rain so that ordinary hilb look impossibly steep and moderately dipping 
beds appear to dip steely. Although one becomes accustomed to 
this aspect of the stereoscopic image, it b difficult to estimate dips of 
planar structures from photographs. Pocket stereoscopes seem to 
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exaggerate the relief about two or three ttoei, and larger mirror modeb 
about two time*. 

Seeing a tfereMcepk imoge wbiievt a tfereoKope. If the eyei 
look In parallel directioiu (ai when looking at a distant object), an 
overlap area can be examined atereoicopically without using a stereo¬ 
scope. Perhaps the easiest way to do this is to look for several mo- 
menU at a distant object, then insert the photographs into the line of 
view, holding them in position for stereoscopic viewing as described 
above. The three-dimensional image will be blurred at first, but after 
some moments of staring at the pictures, it will tend to become sharp. 
Another way to learn to sea a stereoscopic image without a stereo¬ 
scope is to practice with simple images like those of Pig. 5-7. By 
staring hard at the two dots for several moments and then relaxing the 
eyes as though looking at nothing in particular, the eyes will tend to 
assume their parallel position of rest, and the dots wlU drift together, 
finally merging into one Image. This image will be blurred at first, but 
should come to focus shortly. The other figures should appear as 
three-dimensional forms. To apply this method to aerial photographs, 
it is necessary to choose points on the pictures that contrast with their 
surroundings. 





Hf- s*r. Stereo pain of AnpU imagas. 
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These methods should not be damaging to normal eyes, but a stereo¬ 
scope must be used for systematic work Some stereo viewers look 
cross-eyed when they force their eyes to make the images merge. The 
relief is then reversed {[Meudoscopk), just as it is when two photo¬ 
graphs of a stereo pair are reverb from their normal consecutive 
position in a fli^t strip. 

S-S. Materials for Mapping on Aerial Photographs 

Prinb used for geologic mapping should be double weight and have 
a semimatte surface. Flight lines should be ordered complete to 
that stereoscopic images can be obtained for the entire area. The 
printt must be carried in a map folder large enough to protect them 
adequately (Section 1>4). It is advisable to carry a pocket stereoscope 
in the field Only a very toft pencil (for example, 3B) and soft eraser 
should be used on photographs because the emulsion breaks arsd 
peds quite readily, especially if slightly damp. If the air is very dry, 
a hardW pencil can 1 m used A ^e needle can be used to prick a 
small bole through the print where location marks must be especially 
precise and permanent. Tbe locatioo can dsen be labeled on the back 
of the print The needle may be mounted in a small wooden handle, 
with a cork to cover the pointed end. Many colored pencils are too 
hard to use on photographs; their marks are almost Invisible, and 
they tend to cut the emulskm. Soft wax-base pendb make clear marks, 
but these rub off easily. Water-soluble pencils are undesirable be¬ 
cause their marks spread and dye the emulsion deeply if tbe photo¬ 
graph is roolstessed. If a good deal of cokv work Is required, it is best 
to use transparent overlays, preferably plastic drawing sheets that are 
frosted on os>e side so they will take pendl and ink marks. Tracing 
paper may abo be used, but it b typlc^y lets transparent, less water¬ 
proof. and likely to csadc in dry climates. 

5—6. Determining Scales of Aerial Photographs 

Three scales may be required for work with aerial photographs: 

(1) the average scale of the photographs of one or more flight strips, 

(2) the average scale of a single photograph, azwl (3) the scale in a 
particular part of a single photograph. The first two differ because 
tbe distance between the aircraft and ground viuy during photography; 
tbe scale difference between adfacent flight strips is commonly large 
enough to be obvious. Tbe second two differ because of the effect 
of relief on scale (Section 5-3). 
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The opproximat* average scale is recorded oa the photo indexes of 
the area. It is also given in descriptions of the photography and is 
somedmee printed on the backs of the photographs. In some older 
coverage, only the distance of the aircraft above the ground and the 
focal length of the lens are given. The scale (expressed as a fraction) 
can be computed by dividing the focal length of the lens, in feet, by 
the distairce of the aircraft above the ground, also in feet. Scales 
obtained in these ways may be 10 or IS percent in error. 

If a more accurate scale is required for any one flight strip, it is 
neoessary to measure the distance between two points on the assembled 
photographs and to compare it with a distance scaled from a map 
of the same area. The photographs are first laid out In an overlapping 
strip with tbdr detail carefully superposed from one picture to the 
next As this is done, each is fixed in place with paper drafting tape. 
A distance is then measured between two points that ate as far apart 
as possible on the strip, and the distance between the same two points 
is also measured on a map. The photograph scale, expressed as a 
fraction, can then be found from the following relatloo: 


photo scale = map scale X 


distance scaled on photos 
^iftance scaled on map 


Average scales are used when photographs are compiled into map*, 
but the scale of a given area on oi»e photograph must be determined 
if geologic features are to be plotted by pacing methods. A large- 
scale map can be used to determine scales within single photographs 
by the method just described. When no such map is available, the 
scale* can sometime* be determined from fields and roads laid out on 
sections or fractions of sections (full miles, halves of miles, or quarters 
of miles) cd the Bureau of Land Management surveys. Lacking these 
features, scales can be determined by measuring ground-distances be- 
tweert points and relating them to distances scaled from the photo¬ 
graphs. The points should be at about the same elevation, for the 
scale within any one photograph changes with elevation. A method 
of computing scale differences between more elevated and less elevated 
parts of a photograph is described in Section 5-0. 

When the scale of one photograph has been determined, the scales 
of overlapping photographs may Im obtained by scaling the distance 
between two points in the overlap area and using the ratio of distances 
to compute the scale from one photogreph to another. Here again, 
the points should be at about the same elevation. 
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5-7. iMollnp Owicrapi on Photeprophs by lntp*«lion 

B«cause aerUil photographs show detail with great clarity, outcrops 
CAD be located most accurately and easily by comparing photograph 
images with features on the ground. The most useful detaib are the 
patterns of gullies or other minor valleys and the dark dots that mark 
trees and large bushes. A large and unmistakable feature is found 
first-for example, a large tree in a clearing of distinctive shape or the 
intersection of two guUies. The outcrop is then located exactly by 
tracing out the patterns of smaller trees or drainage features. Where 
bushes or small trees are closely grown, minor trails and small clearings 
can be used. Approximate locations can often be made quickly with 
a pocket stereoscope, and the steoreoscope can be used to make exact 
locations at ridge crests or at distinctive breaks in slope. On most 
prints, a magnifying stereoscope or hand lens will disclose features 
that are otherwise too smaO to be seen. The date of the photography 
must be noted, however, for photograph patterns of deciduous vegeta* 
bon change with the season, and many features of the culture may 
change with time. 

5-1. Drowing North Arrewa on Aoriol Phetegropha 

When there is not enough detail to locate an outcrop by inspection, 
compass and pacing methods can be used, but first a north arrow must 
be drawn on each print. The arrow can be drawn by (1) using a 
compass to determine the bearing between two points that can be 
located accurately on the photograph, (2) drawing a line through the 
two points, and (3) laying off a true north line with a protractor. The 
points should lie in the central part of the picture and be at about 
the tame elevation; furtbennore, they should be at least an inch apart. 
The entire procedure mutt be done as precisely as possible siitce many 
measuremenls will be based on the north arrow. 

North arrows can sometimes be drawn on aerial photographs be* 
fore the field season. An arrow can be based directly on roads and 
land boundaries laid out on the north-south, east-west plan of the 
Bureau of Land Management Surveys. Some section lines may be 
off alignment by several degrees, but this will usually be obvious when 
several can be seen on one print. They should be checked where 
possible against accurate county land plats or other detailed prop¬ 
erty riMips. An accurate map can also be used to transfer a north arrow 
to a photograph; however, ib scale must either be close to that of the 
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pliotograph or tb« bearing must bo based on an extensive linear feature, 
as a principal road. Detailed route*survey nups of roads, aqueducts, 
or natural water counes provide excellent sources of accurate bearing 
lines; they can generally be obtained from state or county surveyors. 

5-9. Locetlng Outcrops on Photographs by Compass and Pocirkg 
Mothods 

After a north arrow has been drawn on a pbotognph and the scale 
for that photograph has been determined, points may be located on 
it by most of the compass and pacing metlKids described heretofore 
(Section 4-2). Those methods can be used without hesitation in areas 
of low relief unless the photograph has appreciable tilt distortion. In 
areas of moderate or high relief, compass and pacing methods vrill 
give only approximate results unless the distortions caused by relief 
are taken into account. In Figs. 5-3 and 5-4, for example, bearings 
read between many points on a photograph will not be the same as 
those read in the field. FurthemKire, because of the change in scale 
with elevation, distances paced at one elevation will not correspond 
to those at another. It is important to recall that the effects shown la 
the figures are not exaggerated, and that they diminish to insig¬ 
nificance only as the relief and steepness of slopes diminish to nil 

Much of the distortion caused by relief can be avoided by using 
the central part of each photograph for plotting. Bearings used to 
locate outcrops should be taken between points lying at about the 
same elevation, for the positions of such points will be map-true totfh 
relation to Mch othor. Bearings taken between points at different 
elevations will be correct if the bearing line it radial with respect to 
the center of the photograph. This is because points lying along lines 
that radiate from the center of an untilted photograph lie in vertical 
planes that include the optic axis of the camera and are radial with 
respect to the camera lens (Section 9-6). Bearing lines within 5 or 
10* of radial will give usable intersections unless the points are at 
greatly different elevations. 

A single bearing and a paced distance can be used to locate a point 
if the scale for dial particular part of the phertograph is known. When 
the scale for any one elevation within a photograph has been deter¬ 
mined (Section 5-6), the scale at any other elevation can be com¬ 
puted by using the focal length of the camera lens. The change in 
scale, in feet on the ground per inch on the photograph, can be found 
by the following formula: 
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change in scale 


difference in elevation (in ft) 
12 local Imgth of lens ^in ft) 


For photographs tatken with a ff-loch lens (most large-scale photo¬ 
graphs), this would give a scale change of 167 ft per inch for each 
elevation change of 1,000 ft. If the scale of a photograph has been 
determined to be 1 in. a 1,500 ft (1:18,000) at a certain elevation, 
the scale on a ridge lying 1,000 ft higher would be 1 in. v 1333 ft, 
and the scale in a valley lying 1,000 ft lower would be 1 in. « 1,667 ft. 
For distances measured over sloping ground, the average elevaUon 
of the paced course should be u^. These differences in scale are 
appreciable; thus differences in elevatioo must be estimated carefully 
or be determined with a barometer. 


5-10. Geologic Mapping on Aerial Photographs 

Though methods of locating points may be soirvewhat different, the 
general schesno of geologic mapping with aerial photographs is similar 
to that used with maps. In many cases the wotlc will take less time 
because photographs may show actual images contacts and faults, 
areas of outcrops, or trails across brushy or otherwise difficult terrain. 
Photographs are therefore valuable for projects where time is at a 
premium and detailed examinations of all features cannot be made. 
Time allowing, however, contacts attd faults should be drawn a little 
at a time as they are traced on tbe ground. As this is done, the photo¬ 
graph should be examined frequently for hints of faults and variations 
in lithology. In many cases vague linear marks and slight differences 
in tone can be matched with vegetatioo, soil, or other textural dianges 
on tbe ground. These features might never have been examined had 
they not been detected as tbe mapping developed. This is one reason 
why it is worthwhile to examine photographs with a magnifying stereo¬ 
scope each evening before doing mapping. 

All geologic features should be plot^ exactly as they occur on the 
image of tlw print being used; thi^ should not be corrected for dis¬ 
tortions caused by relief. In Pig. 5-4, for example, the contacts are 
plotted conrecUy on each print, even (bough their most nearly map- 
true image appears in only one photograph. The necessary correc¬ 
tions are nnade when the geologic features are transferred to a map 
or when the photographs are compiled to make a map. 

Sug^tioDS for marking photographs are given in Section 5-5. The 
method of pricking small needle holes through prints is especially 
useful if many note locations must be made. If ground is being cov- 
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ered ripidly and only brief notes are being taken, as in reconnaissance 
mapping the notes may be recorded on the backs of the prinu-where 
th^ ^ nem be separated from the features to which they refer. 

If tlw OOTth arrow of a photograph U not reliable, the strike or trend 
of each structure symbol should be recorded on the back of the photo¬ 
graph or in the notes. Altitudes can then be plotted conectly when 
compiled on a map. 

Some geologists find it easier to remember the layout of a large num- 
^r of photographs If they are renumbered in a simple digit sequence. 
Trie new number should be inked permanently on the front and back 
of the photographs, but not so as to obscure the original number. If 
a field party is using duplicate prints, one set should be marked with 
a capital letter or similar device. Perhaps the simplest system for 
note numbers U to start with 1 on each print. Each page of field notes 
must then show the photograph number, and speciincns should be 
labeled with a complete photograph number. A typical spedmen 
number would be 3F.16-5. meaning location number 5 on photo¬ 
graph 16 of flight number 3F. 

Photographs must be kept dry because the emuUion is softened 
and easily rubbed off when even slightly moistened. Furthermore, 
pbotograplw wiD warp severely if unevenly dampened, as by contact 
^th perspiring bands. If photographs become wet. they should be 
interlayered with blotting paper and dried overnight under weights. 

Because soft pendl marks on photographs rub off easily, location 
numbers and structure symbols should be inked each ni^t, and con¬ 
tacts and faults should be inked u soon as their positions are as well 
known as they are likely to be. Because of the dark gray tones of 
many photographs, colored inks may be used to advantage to show 
up various kinds of structural features; there may also be an advan- 
lage in using a colored ink for note numbers. Waterproof colored 
inks that are stains rather than pigment-bearing fluids do not show up 
well on dark areas of photographs and should therefore be mixed with 
a small amount of postercard paint. 

5-n. Transferring Geologic Feolurei from Photogrepha to a Map 

When arees larger than a few square miles are being mapped on 
aerial photographs, geologic features should be transferred to an 
office map as the work progresses. This is done to check structural 
continuity (or critical discontinuities) over areas too large to be teen 
on one print. It also insures that all necessary ground will be covered. 
The reasons the photographs themselves cannot be assembled to give 
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a clear overall picture are: (1) each is Ukely to have ooly a small 
mapped area on it, (2) the side lap and end lap of adjoining prints 
cover most of this area, (3) ink work may be almost invisible on the 
darker areas of photographs, and (4) patterns of vegetation and cul¬ 
ture may obscure the get^ogic patterns. Ideally, the compilation is 
made on a topographic base that has a scale close to that of Uie photo¬ 
graphs (as the 7Vi*ntinute 1:24,000 topographic map series). Recent 
1:62,500 quadrangle maps arc sufficiently detail for most 6eld 
compilations, and they arc far easier to use if enlarged to the average 
scale of the pbotogra^u. Modern planimetric maps (as the 1:24,000 
sheets of the U.S. Forest Service and the U.S. Bureau of Land Manage¬ 
ment) also provide excellent bases fw compiling photograph data. 
Where no suitable base map is available, a planimetric map can be 
constructed from the aerial photographs, as described in Chapter 9. 

Transferring can be started by using a stereoscope to pbt geologic 
features that lie on or very near peaks, saddles, valleys, breaks in 
slope, roads, traib, or any other features that can be matched exactly 
from photograph to map. If these points are close together, contacts 
and faulb can often be drawn between them by observing their posi¬ 
tion in tl>e stereoscopic image. A pair of proportional dividers should 
be used if the difference in scale between map and photograph is 
oonsidorable. For areas of low relief, the dividers need be set only 
once for each photograph, but in areas of moderate to high relief, 
changes of scale with changes In elevation within each photograph 
must be taken into account. If proportional dividers are not available. 



K*. S-e. Uitng • tyttem of titengles ind wcMSOty Ibaoi to tnn^er geologic fee- 
tun* iron a photograph (tight) to a map. 
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scries of triangles may be drawn between points that have been lo¬ 
cated accurately on both the photograph and the map. Features are 
then transferred on the basis of proportional distances from cornen, 
Irisectrioes, or other elements of the triangles (Fig. 5-8). 

Generally, the map made at this stage need not be as accurate as 
the one that will be made when the field work is completed. None- 
theless, details should be added in at least a qualitative way, for it is 
important to see the general grain and character of geologic features 
as mailing develops them. 
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The Alidade and Plane Table 


6-1. G*n*ral Valut of th* Alidad* and Plan* TabI* 

When DO niiUble baje in«p or aerl*] photographs are avaiUb]*, 
Ae geologist must often make a complete map himself. Although a 
compass and a tape may be adequate for mapping very small areas, 
an alidade and a plane table are generally required, especially if the 
map must show t(^)ographic and geologic features. The alidade 
and plane table can be adapted to many Idods of field projects, and 
they can be used for rapid sketching of features as well as for precise 
mapping These instruments give a great advantage in that the map 
is drawn directly on the plane table u instnunentatioii proceeds. This 
insures that features wiD be plotted as they are examined in the field 
and will therefore be shown as naturally and completely as possible. 
Moreover, plane table methods generally are more rapid than other 
precise surveying methods. Using a transit, for example, the map 
must be compiled in the office from notes covering not only the 
topography, drainage, and culture but also all geologic features as 
w^. Ibe advantages of the alidade and plane table are. in fact, so 
great that they have become traditional to geologic field work. 

6-3. Th« Peep-Sipht Alidad* and th* Principl** of Alidad* Surveying 

The peep^ight alidade lUustietei clearly the principles of alidade 
surveying and thus will be considered before the telescopic alidade. 
It oooslsis of a heavy ruler with folding sights mounted at each end 
that give a line of sight parallel to its straightedge (Fig. ^lA). The 
Bninton compass can be converted to a peep^ght alidade by insert¬ 
ing it in a large celluloid protractor made especially for this purpose. 
The alidade is used with a small plane table board, called a trooene 
hoard, which is about 15 in. square and has four thumb screws for 
fastening a map or piece of drawing paper to it. The board fits over 
the flanged he^ of the trooer$e tripod, upoo which it can be rotated 
freely. The board can be locked in positioa by tightening the knurled 
knob under the head. 

The peep-si^t alidade is a valuable instrument in its own right. 
It is particularly useful for geologic mapping where there are only a 
few map points that can be identified exactly. The board is set up 

•• 
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in tlM field over i point located on the map. Then it is leveled by 
placiog an open Bninton compass on it and adjusting the tripod legs 
until the bulTs eye bubble is centered. If there is no magnetic dis- 
hirbanoe. the board c«o be oriented by Uying the compass parallel 
to a north line on the map and rotating the boerd until the compau 
needle points to 0. The map can be oriented more confidently, how¬ 
ever. by laying the straightedge of the alidade through the point 
^pied and through a second point that can be seen from where the 
board is set up. The board is then rotated horizontally until the sec¬ 
ond point is centered in the sights of the alidade. When the knurled 
screw is tightened so that the board is rigid, the map will be oriented 
parallel with the surrounding temin. 

New points can now be located on the map by either of two pro¬ 
cedures: (1) by drawing a ray horn the point occupied to the point 
to be located and pacing or taping the distance to that point or (2) 
by intersectioo. The first procedure is ei follows: 

1. Move the alidade on the board until the point to be located is 
centered in the sights aj>d the point occupied lies next to the edge of 
the alidade ruler. 

2. Draw a thin pencil line from the point occupied along the straJs^t- 
edge toward the point sighted. 

3. Pace or tape the distance to the point sighted. 

4. Scale the distance on the pencil 1^ and mark the point 

The procedure of locating points by intenection is illustrated in 
Fig. ft-lfi, which shows a simplified map mounted on a traverse board. 
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The two poiotf A «nd B mark two iDtervisiUe points that have been 
located on the map and can be occupied with t^ traverse board and 
tripod. The board is set up over A and oriented by sighting on B 
with the alidade, as described above. The problem U to map a nearby 
contact, which has been marked by bright doth strips at a numb«r 
of points. To do this, the alidade is sighted on each cloth marker in 
turn, a pencil ray is drawn toward each, and the rays are carehilly 
numbered in a clockwise direction (Al, A2, etc.). The board is then 
moved to B, oriented by sighting on A, and each of the flagged paints 
is again sighted. As each petsdl ray is drawn from B, the intersection 
with the oorrespooding ray from A marks the position of that point 
OD the map (1, 2, etc). With the contact located at these points, its 
details can be filled in quiddy by removing the board from the tripod 
and waibng along the contact. Nor is it necessary for all features to 
be flagged before they can be located by intersection; any points that 
are distinctive eckou^ to be identified unmistakably from two instru¬ 
ment positioos can be located by this method. It must be noted, 
however, that the locations will be unreliable if the angles of intersec¬ 
tion are leu than 20 or 30". 

friongwiertien from o base lino. A base m^> is typically used for 
mapping geologic features with the peep-sight alidade; however, it 
is also possible to construct a m^ from a blank sheet of paper with 
this instrument Such a map can be started by measuring the distance 
between two potots on the ground and plotting this distance on the 
paper, using the scale chosen for the survey. In Fig. 6-lB, for example, 
points A and B might have been plotted in this way. This plotted line 
Is called a haw fine, and the survey is extended by measurenvents from 
its two ends. In the figure, instrument statioits such as C and D can 
be located by intersectioa hom A and B, and checked by sights from 
C or D. This general procedure of locating stations, called triangula¬ 
tion, is a basic method of starting a map; it will be considered more 
thorou^ly in Chapter 7. Elevations can be carried to the points by 
measuring a vertic^ angle with the Bruntoo dJnometer and comput¬ 
ing the difference in election horn this angle and the distance scaled 
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from the map (Fig. 0-2). Ite map is completed by moving the board 
to uie various intersected stations and mapping geologic features 
around them by either method described heretofore. 

6-3. The Taleecepic Alidade 

Compared to the peep-sight alidade, the telescopic nhiin df has a 
number of important refinements and accessories. These include a 
focusing telescope for taking long sights, a striding level and vernier 
scale for measuring vertical angles, a magnetic needle foe determining 
magnetic bearings, stadia hairs set in the eyepiece for determining dis¬ 
tances read on a stadia rod, and, generally, a Beaman arc for rapid 
conversion of stadia readings to true horizontal and vertical dbtances. 
The descriptions of the various parts and manipulations that follow 
are keyed by numbers to Fig. 6-3, a drawing of a typical telescopic 
alidade. 

The teletcope (1} is held in a yoke-hke stand that is attached rigidly 
to the blade (3) by the pedestal (4). The only possible movement 
of the telescope relative to the blade is on the horizontal axis, and 
therefore the line of sight of the telescope is always in a plane per¬ 
pendicular to the plane of the blade and parallel to its length. When 
Ae axis clamp screw (0) b loosened, the telescope can be pointed 
freely up or down as much as about 30* in each direcUonj when the 
clamp screw is tightened, the telescope can be moved slowly by turn- 
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ingthe«n«»n<«cf»«.(7). Tl»e itrfaing Jwsi (8) U« loosely on bear¬ 
ing surface* that bring its aas exactly parallel to the line of sight of 
the telesco^ The struiing level 1* readily removed by either a screw 
or spring clamp, and it is left mounted on the telescope only during 

***The blade has a straight beveled edge (10). called the fiducial edgt. 
which is parallel to the sJghHng pUne of the telescope. The huffs eye 
Uotl (11) (or, in some models, two tube levek set at right angles to 
each other) is used to level the plane table wlren It is being set up. 
The two knobs (12) provide a means of moving the alidade on the 
plane table without touching the telescope or other moving parts. 
The compas$ box (13) lies parallel to the fiducial edge, so the instru¬ 
ment can be aligncsd U> magnetic north with the compass needla The 
needle must be lifted off its Jewel bearifig by the l^ng lover (14) 
when the compass Is not in use. 

The telescope may be fitted with either an ordinary eyepiece or a 
prism eyepiece (15), which turns the line of sight up at a right angle 
and permits the instnunentaan to look downward to sight thrwgh 
the telescope. Cross hairs and stadia hairs are mounted just in front 
of the eyepiece (18). and they appear as in Kg. 6-4 when they have 
been properly focused by turning the knurled ring (17) of the eye¬ 
piece The telescope is focused by ftiming a knob on its ri^t ride 
(this is bidden in the drawing). A sunshade (19) may be slipped 
over the end of the telescope, and this is replaced by a protective lens 
cap (20) when the instrument is not in use. When the knurled re¬ 
taining fbjg (21) is released, the telescope can be routed on its sight¬ 
ing axis through ISlTj during ordinary use the telescope should be 
turned firmly against its stop (so that the focusing knob is on the 
ri^t side) and then secured by the ring. 
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Od the Wt side o( the alidade is a vertical angle arc and accessories 
used foiT reading vertica] angles and stadia correction factors. It in* 
eludes the vernier level (22), a frame (23), a tangent screw (24) 
that moves the vernier scale and index lines (25), and a calibrated arc 
(26) used in stadia and vertical angle measurements. The arc is 
calibrated with both a vertical angle scale and, in most alidades, the 
useful Beaman arc scale. Some Beaman arcs (as in the figure) are 
reiui from the side, some from the rear of the instrument, and others 
through an optical eyepiece. 

Each abdade has a strong wooden carrying case in which it is kept 
during transport and in vdiicb it should be placed when not in use. 

The alidade shown in the figure is commonly called a high-standard 
or topographic model. The axplortr't alidade is 2 to 3 in. shorter than 
the mode) illustrated, and its stand it attached directly to the blade, 
making it a low and compact iiutrument Its carrying case measures 
about 3 X 3 X 10 in. as compared to 3 X 8 X 12 in. for the starrdard 
model, and this makes it handier to transport Its telescope, however, 
can be devated and depressed only about 6” from level, and its blade 
may be too short for some sights. Otherwise its coostiuction and 
operation are in every way the same as for the standard alidade. A 
third type of alidade has a blade 20 to 30 in. long and is used where 
long rays must be drawn for control surveys or for exacting large-scale 
mapping on large plane table boards. Tlw self-indsxing aUdada is an 
instrument that automaticaUy adjusts for minor tilting of the plane 
table and that has optical devices to increase the accuracy and speed 
of readings. Other alidades developed recently have rapid-reading 
optical devices and are more compact than t^ explorer’s alidade. 
Detailed descriptions of these new Instruments can be obtained readily 
from manufacturers. In principle, they do not differ from ordinary 
alidades. 

6-4. Adjuslinfl the Alidade In the Field 

*1116 adjustments needed most commonly In the field are described 
below. 

Fecusir »9 cross heirs. The cross hairs can be focused sharply by 
turning the knurled ring the eyepiece. So that no disturbing image 
will appear in the field of view, ^e telescope should be pointed at 
the sky, or at an opened notebook held about 6 In. in front of the 
instrument. 

Corraeting the perellsx effect. A sighted point may appear to shift 
in relation to the cross hairs when the eye is moved sli^tly. 'This is 


94 


Monval of fioU Gootogy 

the parallax effect, catued hy Imperfect focusing of the iiutrument. 
It can be corrected hy carefully focusing and refocusing until the 
image of the point sifted remains exactly at the cross hair when 
the eye is moved. 

Mo 0 ner/< needfa. When an instrument is first used in a given area, 
its magnetic needle may dip erMugh to rub against the compass box. 
This can be corrected by opening the box and sliding the small coil 
of wire or metal clip alrag the needle until the needle is balanced. 
Before the compass is reassembled, the needle bearing should be 
cleaned, but never oiled. 

Siridiffg lovol. It b occasionally necessary to bring the two ends 
of the striding level to the same height above the telescope, and thb 
can be done by the socalled reoenal method. The levd is placed on 
the telescope and the bubble b centered by moving the tangent 
screw; then the level b reversed end for end. If the bubble moves 
from center, the capstan screws at one end are turned until the bubble 
moves halfway bade toward the center of the tube. The bubble is 
then centered again with the tangent screw, ar»d the procedure b 
repeated until the bubble remains centered when the tube is reversed. 

Vernier ievef. The vernier level should be adjusted frequently 
when it b used for Beaman stadia work. This can be done by leveling 
the telescope with the striding level (adjusted by the reversal method), 
and turning the vernier tangent screw (24 in Fig. 6-3) until the Bea¬ 
man index b exactly at 50 on the V scale. The vernier level bubble 
is then centered by turning Ib adjusting screws. 

6-5. Major Adjustments ef the Alidade 

The alidade should be cleaned and adjusted in an instrument shop 
before the field season. If it b dropped or jolted strongly in the field, 
it should be repaired professionally. Where thb b not possible, ad- 
justmenb can be made according to the instructions in the manufa^ 
turer’s booklet pertaining to the iiutrument Wliether damage b 
apparent or not, the following two adjustments should be chodeed 
before attempting to use the instrument. 

Ser ef creu heirs. The cross hairs should be set so the vertical 
cross hair b at right angles to the horizontal axb of the telescope. 
Before thb b tested, the telescope must be rotated firmly against ib 
stop, and ib retaining ring ti^tened. The alidade b then placed on 
I solid level surfoce, aligned on a dbtinct point, and adjusted for 
parallax. Ihe point should remain exactly on the vertical cross hair 
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when telttcope ii tfltea .lowly up and down with the tanaenl 
If It doe. not. it 1$ necessary to looieo the four capstan screws 
of the hav mowt and rotate them by very light taps in the 
teired After checking and rewttlng as necessary, the 

following adjustment should be made. ' 

Lin* of tmrnatlan. The line of coOimatlon U the axial line of the 
telescope. The cros. hairs must coincide with this line. Their colnci- 
dfflce cs« be tested by (1) pUdng the alidade on a «nooth solid 
releasing the knurled telescope ring (number 21 in Fig 
, 00 a weU-de6ned point. (4) adfusUng for the paral¬ 

lax effect, and (5) rotating the telescope through 180*. If the cross 
hain move off the point, they should be brought halfway back by 
screwing^ appropriate pair of capstan screws on the cross-hair 
mount They should then be tested again and readjusted until the 
cross hain remain on the point 


6-4. Care of the Alidade in the Field 

Instruments should be cleaned and adjusted before the field 
They wiU generally stoy in adjustment if the following precautions 
are taken: 

1. Lift the alidade by the pedestal, never the telescope. 

2. Place the alidade in its boi when not in usei never leave it on 
the plane table unattended, for a gust of wind can easily sbde it off 
the board. 

3. Remove the striding level before putting the alidade in its box. 

4. Turn up the shield of the striding level when removing it from 
the alidade. 

5. Lock the magnetic needle off its bearing when it Is not being 
used. 

8 . Clean lenses with a soft camel’s hair brush or rub them (only 
when alMolutely necessary) with a clean piece of lens tissue or a clean 
cotton cIotL Never use silk to dean lenses. 

7. Do not oil an alidade while in the field because oil murt be ap- 
plied sparingly aiKl expertly. When the instrument is being deaned 
and adjusted for use in an area that Is likely to be dry and dusty, 
specify that it be oiled appropriately. 

The alidade should always be ttartsported in its case. In a vehicle, 
the case should ride in a cushioned place, where there will be no 
danger of its falling off a seat if the vdude stops suddenly. 
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6-7. Tit* Plan* TebI* end Tripod 

The plan* table is a well-made drawing board that has a brass base 
plaU by which it can be attached to the tripod- Eight screw farteners 
are used to fasten a plane able sheet to its upper surface. Most 
boards measure 18 X 24 in. or 24 X 31 In. The smaller is preferred 
for most work because it is transported easily, but the larger is us^ul 
in surveying control networks or in very large-scale ntapping. where 
there is an advantage in fitting a large area on one plane table sheet. 
Ihe wood used in the boards should be both light and strong, and it 
must be seasoned and joined so that the board will aot warp. Oc¬ 
casionally. however, new boards warp appreciably when the weather 
is hot and dry. Most boards wiQ shrink so much in a dry climate 
that open spaces will form at mch join. This need cause no particular 
concern because a plane uble sheet is strong enough to lie rigidly 
over the gaps. 

Most tripods used with plane tables have an ingenious head, called 
the Johnson head, which permits the board to be tilted into a levd 
position. The bo^ can be partially tightened in this position and 
then rotated into suitable orientation, udsere it can be completely 
tightened. Figure 9~5 shows a diagrammatic view of this head. The 
board is screwed down over the plane table screw (1) until it is 
seated firmly against the bead's upper surface (2). When both screws 
(Sand 4 } are loosened (by the usual counterdodewise turn), the head 
moves freely on both its central axis (5) and its cupped bearing sur¬ 
faces (6). When the upper screw (3) is set ti^tly. the cupped 
bearing is locked, and ^ board moves only on the central axis. 
When the tower screw is set tightly, the central axis U also locked, 
and the board cannot be moved. 

There ore two kinds of tripods, those with rigid split legs and those 
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with tdetoopiog legs. The telescoping type is heavier but is more 
compact is transport and permits more rapid setups on irregular 
ground. There is the possibility, however, of forgetting to damp its 
legs firmly in place at each setup—not only a matter of accuracy but 
also of dropping and damaging an alidade. 

On both Idnds of tripods, the wing nuts that bold the legs to the 
head are adjustable, and they should be set just tightly enough to bold 
a leg out at 45”, unsupported. A protective screw cap or a heavy 
leather or canvas case should be pliuMd over the Jdinson head when 
it is not in use. This is done primarily to protect the brass table 
screw, udiich is soft enough to be easily and seriously damaged. 
When being transported, the tripod should be wrapped to the Jen¬ 
son head will be kept free from dust and grit 

Before aooepting a plane table and tripod for a seskson’t fidd work, 
the following should be dtecked: 

1. The plane table screw must be an exact mate to the base plate 
of the board. At least four dlfierent screw sizes exist, some of them 
nearly enough alike so that mismates are not obvious until several 
weeks' use hat worn threads to the point of slipping. To guard against 
damage, the fit of unknown units must be tested with care. 

2. 'The condition of the Johnson head bearmgs ctm be tested by 
settiDg the outfit up, tightening only the upper screw (number 3 in 
Fig. 6^), and determining whether the edge of the board can be 
moved more than a quarter of an inch up and down. Excessive play 
will not permit rapid, accurate surveying. 

3. 'The board must be reasonably smooth and unwarped, and this 
can be tested by laying a steel straightedge at various angles across 
its surface. 

fr-t. Plone TobU Sheets end Their Preparation 

Paper plane table sheets consist of two pieces of heavy drawing 
paper joined with an insert of linen. 'This reduces uneven shrinkage 
or swelling and keeps a dry sheet from buckling vdien its dimensiom 
change. The dimensional changes can be determined when tlie plane 
table sheet is prepared, as follows; 

1. Select a smooth, unbuckled sheet, fit it over the plane table board, 
and find the positions of the screw boles by puodiing through the 
paper with a needle or a smaO sharp naiL 

± Enlarge the boles to Vi to. across with a sharp knife or paper 
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punch, tod then screw the sheet to the board loosely, allowing hree* 
dom for shrinkage or expansion. 

3. Using a sharp 9H pencil and a steel straightedge, draw two lines 
across the sheet, one parallel to ead) set of edges. 

4. Make two fine needle boles on each line, L2 to 16 in. apart; scale 
these distances carefully and record their lengths near the border of 
the sheet 

5. Set the board and sheet out to season under conditions as similar 
as possible to those of the area to be mapped, and check the lengths 
of the bnes (using the same scale) to determine when the paper has 
reached a reasonably consistent regimen of daily change. A record of 
the progress of change should be kept, and the final lengths of the 
liites recorded pennaneady near the edge of the sheet to that the map 
scale can be corrected accurately at any time. 

Seasoning the sheets in this way will usually take a few days. It is 
important that the thumb screws are not set tightly during the season¬ 
ing, and tliat they are loosened each night during the period of actual 
mapping; otbaw^ the map may be strained and distorted. 

To keep the sheet clean, a piece of heavy wrapping paper may be 
fastened over it before field work is begun and pieces can then be 
cut out as the work progresses. The paper cover will help protect the 
sheet from moisture, but at toon as rain begins to fall, the canvas case 
for tbe board should be laid over the sheet because dampened sheets 
buckle severdy. If showers are expected, a piece of plastic or oilcloth 
should be carried to cover tbe board. 

For many projects, there is an advantage in using sheets that are 
waterproof and have a smoother and D>ore durable surface than paper 
sheets. Sheets of tough plastic are excellent for plane table work 
when their surfaces have been prepared properly. The Stabilene 
Scribe Coat sheets of tbe Keufiel and Esser Co., for example, have a 
colored surface layer, which is cut away by a stylus In order to make 
lines and points (Section ^1). This scribing technique is now used 
almost universally by topograpben of tbe U.S. Geological Survey. 
One of its advantages is that a map can be printed photographically 
on the surface layer so that existing topography or planimetry can be 
used as a base for more detailed work. Including geologic mapping. 

Plane table sheets with aluminum rather than linen inserts have 
been used to reduce tbe effects of moisture; exceUeot shoets may also 
be made by enameling a sheet of aluminum or masonite and then 



! 

rf>* AJidod* ond flone Tabh 99 

grinding the eatmel smooth with t very fine abruive. The enamel 
should be colored because the glare from a white or meuUic sheet 
makes surveying difficult 

6-9. Settine Up and Orienting the Plone Table 

Instnictions for setting up the plane table are: 

1. Set the tripod up approximately over the station occupied, loosen 
both screws of the Johnson head, and move the uppo part of the 
bead until it lies evenly upright with reference to the cup bearing 
(Fig. 6-6A). Next, tighten both screws. 

2. Screw the plane table down onto the Johnson head until it fits 
tightly against the top of the head. 

3. Pick the tripod and board up and turn them so that the map b 
oriented with the terrain; then place them down in such a position 
that the stake or other statioa marker lies approximately under the 
corresponding point on the map. Fot very large-scale mapping, thb 
can be checked exactly by holding a pebble under the point on the 
map and seeing if it will fall onto the stake (Fig. 6-65). 




fif. 4-^ Steps in MtUag np the pkoe table. 
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4. Ad|ust th« posTtioo or length of the tripod legs untU the board 
looks level and the legs are iocliited at least 30° to the veartical. Two 
legs should be downhill and one uphill 

5. Force the tripod legs into the giound with the heel, or brace 
them with stones until they are set firmly. Tighten the wing nuts on 
each tripod leg. 

6 . Place the alidade (without striding level) in the center of the 
board and parallel to its length. 

7. Place ^e left arm over the blade, grip the far edge of the board 
with the left hand, and press the board against the waist as the left 
arm pins the blade to the table (Ffg, fi-dC). With the alidade thus 
held safdy. loosen the screws of the Johnson head with the right hand 
and carefully tilt the board until the blade level bubble is centered. 
Tighten the upper Johnson head screw firmly. 

If the plane table has been set up at the first rtadon of a new survey, 
with no points marked on the sheet, it must first be oriented suitably 
relative to the area that will be covered. After it has been clamped 
in this position, the Initial station is marked on it and a magnetic 
north arrow is drawn on the sheet by using the magnetic needle of Ute 
alidade. The arrow should be labeled with the station number and 
the date, as magnetic declinations at other stations may be somewhat 
difierent. 

If the map has already been started, so that two or more stations 
are plotted on the sheet, the board can be oriented by using the mag¬ 
netic arrow drawn at the neareet station If this method is used, the 
reliability of the magnetic north arrow should be considered. In 
general, it is preferable to orient the board by sighting on another 
point, as by tlU instructions that follow. 

1. Place the alidade so that the fiducial edge Just bisects the pin¬ 
point that marks the station occupied and also the pinpoint of another 
well-located station whose signal (generally a flag on a vertical pole) 
can be seen. The points on the board should be at least 4 in. apart 
A reading ^ass or hand lens should be used to check this setting. 

2. Turn the board slowly and carefully until the signal is bisected 
by the vertical cross hair. Focus and refocus the telescope to make 
sure that parallax has not affected the setting. 

3. Ti^tco the lower screw of tiie Johnson head while watching the 
signal through the telescope. Give the board a budge or two to make 
sure it will not be disoriented readily. 
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4. AUgs the alidade oo other signals to check the orientatkia 

5. Draw a magnetic north line on the sheet 

6-tO. Measuring Vartkol Angles with the Alidode 

An elevation datum is carried through most areas by vertical angles, 
whldi must therefore be measured precisely. Although the alidade 
and plane Uble are not Ideally suited for measuring vertical angles, 
they are adequate if manipulated with care. The procedure is: 

1. With the plane Uble set up and oriented as described in the last 
section, measure the vertical distance ftom the lUtion marker to the 
horizontal axis of the alidade, using a Upe or stadia rod. Record 
this as the H.I. (height of instrument) in the notebook (Fig. 0-7). 
If a signal flag or cairn marks the point sighted, record its height 
(H.F.) above the ground at the station sighted. These values must 
be used when computing the difference in elevatioo. 

2. Regardless of where the sution occupied aiKl the station sighted 
occur on the sheet, place the alidade near the center of the board to 
improve the stability of the setup. 

3. Loosen the axis damp screw (no. 0 in Fig. 6-3) and bring the 
signal into view in the eyepiece by moving the telescope manually. 
Tighten the axis clamp screw and use the tangent screw (no. 7 in 

bring the borizontaJ cross hair {not a stadia hair) onto 
the top of the station signal. The final movement of the tangent 
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screw should be nude with a forward (clockwiie) turn because the 
return movemeot is activated by a spring that occasionally sticks. 
From thb point on the board should not be touched, r>or should any¬ 
one walk around it until the entire measurement is completed. 

4. If the reading is being taken on a rod rather than on a permanent 
station signal, read and record the point where the horizontal cross 
hair cuts the rod. 

5. Using a reading glass, read the vertical angle vernier to die 
nearest minute and, if possible, estimate the nearest half or quarter 
minute. Record the reading in the notebook. 

6 . Loosen the clamp screw and level the tdesoope approxi¬ 
mately; then tighten the clwp screw and level the telescope exactly 
by using the tangent screw. 

7. Read the vernier and record the reading; then reverse the strid¬ 
ing level, center the bubble again with the tangent screw, and take 
another reading. Any lack of adjustment of the striding level is com¬ 
pensated for by using the average of these two readings (Pig. 6-7). 

6 . To detect both reading and operational erron, repeat steps 3 
through 7 after shifting the vernier a few degrees by turning the 
vernier tangent screw (no. 24 in Fig. 6-3). Record ^e second set 
of vernier readings as in Fig. 6-7. 

9. Subtract each of the sets of readings, and If the results do not 
agree within acceptable hmits, repeat the procedure. 

It will be noted that the 'V point of the vertical angle scale has 
arbitrarily been given the number 30 on a scale that reads from 0 to 
00” (Fig. 6-10). This has been done to eliminate errors caused by 
reading and recording + and — angles close to zero. The second 
readJng-with telescope leveled-is always substracted from the first 
reading; thus indined sights always have a + sign and depressed 
sights a — sign. 

The difierence in elevation is computed as described in Section 
7-ia 

^1). The Slodlo Method end the Beaman Arc 

Most of the borizonul and vertical dittemw that must be deter¬ 
mined to make a map with an alidade are measured by the stadia 
method, llie principle of this method is simple The two stadia 
hairs of the eyepiece arc mounted just such a distance apart that they 
intercept I ft on a graduated stadia rod held 100 ft away. Therefore, 
to find the distance in feet from the alidade to the point where die 
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rod is held, the amount of the rtadla rod lx>cKided between the hairs 
-called the stadia intercept^is multiplied by 100. Stadia rods are 
commonly marked so the stadia interop can be read directly to the 
nearest tenth of a foot, while the nearest hundredth of a foot can be 
estimated accurately if the rod is less than 300 ft away (this varies 
with the irutrument, the rod, and die lifting). These readings 
therefore give a distance that is within a foot or two of being correct 
Except for level sights, the distance from alidade to rod is a shpa 
distanca, which must be converted to a horizontal distance before 
betog plotted on a map. Moreover, if a contour map is being made, 
it is also necessary to determine the difference in elevation ^tween 
the instrument and the point where the rod is held. These correc* 
dons can be made by measuring the vertical angle to the rod and then 
computing both the horizontal and vertical distances trigooometrically 
(Fig. 6-S). The second computatton, however, gives the difference 
in elevation from the axis of the instrument to the point where the 
cross hair cuts the rod. This difference must be corrected so as to 
obtain the difference in elevadoo between the point occupied and 




Plf. 4-4. Correcting vertical dbtaaeet for tha bei^ of lostnsnml (H.L) and 
the Croat hair readiog. 
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the point where the rod is held {Fig- 6-8). This is done by giving 
the H-l. a + sign, the cross>hair reading a — sign, and adding them 
algebraically to tlw difference first computed (BC in Fig. 6-8). If, 
for example, the H.l. is 4.1 ft. the cross-hair reading is 8.3 ft, and the 
difference in elevadoo computed horn the vertical angle is —34,5 ft, 
the difference in elevatioo between the station occupied and the point 
on which the rod is held is -343 4.1 — 83, or —38.7 ft. 

Stadia reduction tables or a stadia sbde rule can also be used to 
convert the stadia slope distance to a horizontal distance and a diffa- 
ence in elevation; however, these values can be obtained more quickly 
with a Beaman arc. At shown in Fig. 3-10, the Beaman arc consists 
of two graduated scales scribed on the same arc as the vertical angle 
g ca le but read by a separate index. The arc shown in the figure is 
an edgs-mownled arc, read from the rear of the instrument, while the 
arc shown in Fig 6-3 is a ride-mounted arc. The scale graduations 
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U6 the same oq each aod are spaced to give proportionately inCTeasing 
correction Actors as the telescope is tilted to steeper and steeper 
sights. To correct the stadia distance to a horizontal (map) distance, 
the horizontal or H scale is read (although the reading is made by 
visually projecting the index across the V scale, this can be done pre¬ 
cisely enough for the measurements needed). The H reading is then 
multiplied by the stadia intercept, and the {^uct is subtracted from 
the stadia distance. If. for example, the H reading is 2 and the stadia 
intercept has been determined to be 2.50, the horizonUl correction 
is 2 X 2J$0 or 5 ft, and the correct horizontal distance is 250 - 5 or 
245 ft. 

With regard to the vertical correctkm. it must be noted that the V 
scale reads 50 when the telescope is level (Pig. &>10). This is to 
eliminate errors caused by transposing signs when sights are close to 
level. The number 50 is subtracted from the V reading to obtain the 
vertical coriectiOD factor, which will therefore have a -f sign for 
Inclined sights and a — sign for depressed sights. The sense of sign 
must be carried throughout the computations. The vertical correc¬ 
tion factor is multiplied by the stadia intercept to give the diffemsce 
in elevation between the instrument and the point where the aosa 
hair intersects the rod. If, for example, the V reading is 36, the cor¬ 
rection factor would be36-50or—14;iftbe stadia intercept were 
2.50, this would give a vertical correction of —14 X 2.50 or -35 ft 

This number must then be modified to give the difference in eleva¬ 
tion between the Instrument station and the point where the rod is 
held on the ground, as described earlier (Fig. 6-9). The resulting 
number is added algebraically to the elevation of the instrument 
station to give the elevation at the point where the tod is held. 

^12. Sfodia Precadura with tha fiaaman Arc 

Stadia surveying Involves so many repetitious operations that It 
is generally necessary to adopt a reliaUe procedure and to use it con¬ 
sistently. Once the prirtciples of the procedure are understood, how¬ 
ever. it is often possible to save time or to improve worldog predsioo 
by improvising. The procedures suggested in this section are designed 
for mapping at scales larger than 1:12,000 (1 in. ■ 1,000 ft), where 
stadia distances will generally be less than 1,000 ft The arrangement 
of the notebook (Fig. 6-11) can be modified if desired The Topo¬ 
graphic Branch of the U.S. Geological Survey, for example, uses a 
much more abbreviated form, aod various other printed bodes can 
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be purchased. The lower half or third of each page should be ruled 
into compartments for calculatiODS. For mapping at intermediate 
the ftotebook should be arranged so that readings can bo re* 
corded for the methods detodbed in Sections 6-14 and 0-15. Com¬ 
putations of elevations will be easier if the H.I. is added to the eleva* 
tiOD of the station of ^pj ed^ to give the elevaticn of tht instrument. 

With the plafM» table set up and oriented, the stadia measurements 
can be made as follows: 

1. Align the telescope on the rod by sighting over the top of the 
striding level while ahemately glancing down to make sure the fidudal 
edge is just alongside the pinhole that marks the station occupied 
fFig. d-12A). If this is done carefully, the rod will be in the field 
of view of the telescope, and only a slight movement will be necessary 
to bring the vertical cross hair onto the rod. 

2. Check to be sure the station point is just a pencil line’s width 
from the fiducial edge; then draw the pencil ray with a sharp 8H or 
9H peodL Do not dmw the ray through the station point because 
this would soon spoil the point on the map. 

3. Tighten the axis damp screw and turn the tangent screw until 
the lower stadia hair is exactly on a ^dwle foot mark of the rod; then 
count the feet and tenths and estimate the huiKlredlhs up to the 
second stadia hair (Bg. 6-12B). Counting prevents errors caused by 
substncting readings at the upper aitd lower stadia hairs. To guard 
against parallax, refocus carefully and repeat the operation, for this 
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will be the most important reading talcen. Record the intercept at 
once. If both stadia hairs cannot be brought onto the rod simultane¬ 
ously, read a half stadia intercept (Fig. ^123) and multiply it by 
2 b^re recording it. 

4. Level the telescope by means of the striding level, and. using 
a reading glass, bring the Beaman scale index exactly to 50 on the V 
scale by turning the oemter tangent s<3ew (the one on the Uft side of 
the alidade). The reason for this step Is that the board tilts slightly 
each time the alidade is moved to a new sight, and the Beaman index 
must therefore be readjusted for each stadia shot. If the instrument 
has a vernier level, it may be used instead. After this adjustment, it 
is important not to touch the plane table until the reading is completed. 

5. With the telescope still level, check to see if the horizontal cross 
hair is on the rod or dose enough above or below it to estimate the 
difference to the nearest foot Where this Is the case, time and ao- 
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curacy are gained by a level shot; H is 0, V is 50, and it is necessary 
only to record the distance between the horizontal cross hair and the 
base of the rod. 

6 . If the horizontal cross bair is not on or near the rod when the 
telescope is level, unclamp the telescope and tilt it until the cross 
hair falls somewhere near the center of the rod. Clamp tbe telescope 
again artd turn tbe tangent saew (tbe one on the right side of the 
instrument) until tbe V tcaU graduation nearest the Beaman index 
is brought exactly to the index mark. This Is done because only whole 
Qumben can be read precisely on the V scale; furthermore, whole 
numben simplify computations. A reading glass or band lens should 
be used to make this setting exact. Read the V and H scales, and 
record these numben. 

7. Look through the telescope to determine where the horizontal 
cross hair cuts tbe rod. Record this number-always with a minus 
sign—as tbe cross-hufr reading. Even for precise work, this number 
need be read only to the nearest tenth of a foot. 

8 . Signal the rodman on to another point; then begin computing at 
once. 

9. Multiply the stadia intercept by the H reading and record the 
product to tbe nearest tenth of a foot in tbe eolumo marked H X Stad. 
Intercept. Subtract this number from tbe stadia distance (stadia 
interoq>t X 109) to get the true borizootal distance (Section 6-11). 
Scale the distaitce on the pencil ray; prick a small hole with a needle 
to mark the point, and letter the point number by it 

10. Subtract 50 from tbe V reading, record the resulting V factor, 
and then multiply it by the stadia intneept. Do the multiplication 
in a numbered box on tbe lower part of the notebook page where it 
can be (decked. 

11. Algebraically add tbe cross-hair reading (which always has a 
- sisn) to the product fust determined. Record the result as the 
net dffference in eleoatlOTL 

li. Algebraically add the net difference to the elevation of the in* 
strument to get the elevation of tbe point sighted. Write the eleva¬ 
tion on tbe map next to tbe point 

Tbe difference in elevatioa can abo be determined by tbe stepping 
method (Section &*15). This procedure will save time and improve 
accuracy when the line of sight is nearly horizontal, as when one of 
the stadiia hairs fsdis on the rod near It The number of st^s should 
be recorded in the column labeled V factor. 
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Computations should b« carried out point by point as instrumenta* 
tioo progresses. Where points are closely spac^ and geologic features 
fairly simple, the instrumentman will ne^ a recorder to keep up with 
the rodmao. The instrumentman should glance up occasionally while 
computations are in progress to see where the rodnian is; otherwise 
it may be difficult to find him when he is at a new point. 

6-13. The Stadia Interval Factor and the Stadia Constant 

The stadia distance corresponding to a stadia intercept of 1 ft is 
not predtely 100 ft in all alidades, This dlfierence is likely to be so 
smaU (less than 1 ft in 100 ft) that it can be ignored in all but the 
most detailed mapping. To make certain it is small, however, the 
actual stadia interval factor should be determined. This is done by 
taping a distance of 100 ft and determining the exact intercept 
using a Philadelphia rod or a scale that can be read accurately to a 
hundredth or thousandth of a foot. 

For external-focus alidades, the point of origin for a stadia measure¬ 
ment is not at the axis (pedestal) of the instrument but generally about 
a foot in front of it This short distance, called the sUidia conitant, 
is inscribed in the instrument box by the manufacturer. It may also 
be determined by the timthod described by Bouchard and Moffitt 
(1S59, p. 370). It is too small to be considered a serious factor in 
most mapping; however, it must be taken into account when determin¬ 
ing the stadia interval factor. 

6-14. The Oredlenter Screw 

The telescope tangent screw of many alidades includes a cylinder 
calibrated into 100 divisions and constructed so that one complete 
turn moves the telescope through exactly one stadia interval. These 
calibrated tangent screws, called gradUnitr or Stsbingsr screws, can 
be used to determine horizontal distances when the rod is held so far 
away that a half stadia Interval cannot be read directly, or when so 
mu(^ of the rod is concealed in brush or trees that a half Intercept 
cannot be read. 

The gradienter must be adjusted to give reliable results, especially 
where sights are long. Adjustment should be specified when the 
instrument is cleaned before the field season. The screw can be 
chedced in the field by testing the calibration against distances that 
have been taped accurately. Enors in adjustment smaller than one 
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division of the cylinder may be neglected because the rod cannot be 
read with a corresponding precision at long distances. 

The procedure with an adjusted instnuneot is as follows; 

1. Place the crou hair on the lowest visible division of the rod by 
turning the tangent screw in a clockwise direction (the screw may 
not move smoothly in the other direction). 

2. Read and record the cross-hair reading and the gradienter reading 
(Fig. e-13). 

3. Using the tangent screw, elevate the telescope until the cross hair 
is on another full divisioQ (preferably the top) of the rod; then read 
and record the rod and gradienter cylinder for this position. 

4. Compute tbe stadia distance by dividing the difference between 
the rod readings by the difference between the gradienter readings, 
and multiplying tbe result by 100, as shown in Fig. 0-13. 

Tbe lower reading is always nrtade fint because oil movements must 
he made by a forward motion of the screw. Tbe parallax effect must 
also be corrected at the lower setting, for a moderate error will cause 
considerable inaccuracy. Mistakes can be detected by releasing the 
telescope damp screw, depressing the telescope sli^tly by hand, and 
then repeating the readings on a different part of tbe gradienter screw. 

The stadia distance can be corrected approximately to a horizontal 
distance by using the Beaman H factor, or, more precisely, by taking 
a vertical angle reading to a given point on die rod and computing 
with the cosine of this angle (Pig. 6-8). 

^IS. Differences in Elevation by the Stop^np Method 

The vertical angle arcs of alidades can be read only to tbe nearest 
1 or ^ minute. It may be desirable to use more precise methods to 
measure differences in elevadon, and tbe stepping method is useful 




II? 


Tht AJitiodm and flona Tobin 

where lines of sight aie inclined »t low to modenite angles. The cor¬ 
respondence of this method to the Beaman arc method can be under- 
sto^ by noting that the Beaman index moves acrow one full division 
on the V scale when the telescope is moved through one full stadia 
Intercept on the rod. The reader can demonstrate for himself that the 
telespoope can be moved through a stadia intercept roOTe accurately 
by ohservliig the stadia hairs than by observing the V scale. 

The method may be carried out as follows; 

1. Level the telescope with the striding level 

2. Examine the telescopic view, and find a distinct point or line 
to key the position of the upper stadia hair {if the rod is above the 
level of the instrument) or the lower stadia hair (if it is below the 
instrument) (Fig. 6-14). 

3. Move the telescope with the tangent screw until die other fta d ia 
hair lies on the point chosen. 

4. Repeat steps 2 and 3 after choosing another suiUble point or 
line, and continue with further steps until the hwizontal cross hair is 
on the rod. 

5. Record the cross-hair reading and also the number of steps used 
In moving the telescope to this position. 

6. Read and record the stadia intercept (typically a half intercept 
will be used because of the distance to the r^). 

7. Compute the difference in elevation between the alidade and 
the foot of the rod by multiplying the stadia intercept by the number 
of steps and then sul^ractiDg the cross-hair reading. 

8. Compute the elevation of the point sighted by adding or sub¬ 
tracting the difference in elevation to the devatlon of the instrument 
(elevation of instrument station -f H.I.). 
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6-16. U»in 9 Ml* Stodio Rod 

Stadia rods are 10 to 15 ft long, are made of spruce or some other 
suitably strong tight wood, and are generally hinged for ease of trans¬ 
port. They are marked In feet and in tenths or-wbole multiples of 
tenths of f^ A variety of marldog patterns are used, each designed 
to give optimum readability for certain working conditiom and dis¬ 
tances. The clarity of the pattern and the brightness of the colors 
have a oonslderable effect on the accuracy of plane table work, and 
dierefore the colored surfaces must he handled carefully, washed oc¬ 
casionally with soap and water, and touched up with paint when 
chipped or scratch^ Weathering in the sun tends to turn white 
paint yellow aiKl to make red paint dull, so the rod should be kept 
indoors when not in use. Rods should be carried carefully in the field, 
for a damaged hinge may be diScuk or impossible to repair. 

The rod must be held phunb (perpendicular to a level surface) 
while stadia readings are Mng made. On a windless day it can be 
balanced betw^een the finger tips. On a windy day it should be 
checked by bolding a Brunton compass (with dinometer set at 90*) 
against it The rod should be lifted by the sun if possible, and this 
can often be achieved by turning it 10 or 20* away from the line of 
sight 

The rodman should carry a notebook in which to record descriptions 
of the features that make each point useful The points must be num¬ 
bered in the same oontecutive sequence u those in the instrumentman's 
not^ook, and the tally should be diedced from dnve to time. The 
detaik of the rodman's procedures in geological mapping are described 
in Chapter fi. 
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7-1. 0*fl«ral Natwr* of Conlrel Survoys 

Accurately located control poirUt serve as a basis for sxirveying the 
topographic and geologic features that make up a complete map. They 
are generally distributed over the area in what Is called a coning 
network, which is plamied and surveyed during the early phases of 
a mapping project. The survey should be sufficiently precise, within 
predetermined useful limits, to satisfy the following specifications: 
(1) the horizontal scale will be constant over the entire mapi (2) aD 
elevations and contours will refer to one vertical datum (generally 
mean sea level); and (3) all features will be oriented to true north. 
If possible, the survey should include points of known geodetic posi¬ 
tion (as government triangulation stations) because lines of latitude 
and longitude can then be drawn on the map, and the map can be 
related to any other points on the earth’s surface. 

There are many kinds of control systems; each can be surveyed with 
almost any degree of precision. Cenerally, the precision of the survey 
should be abtmt three times that of the methods used for mapping 
geologic and topographic features. For local, moderately precise 
mapping at large scales, a base hne can be taped and expanded Into 
a small triangulation network with a peep-sight alidade, as described 
in Section 6-^ For a topographic map of a small area, it may be 
sufficient to lay out instrument stations by making a stadia traverse 
with an alidade and plane table. Maps made from aerial photographs 
can also be compiled on the basis of moderately accurate control data, 
as county plats of property lines or old Land Office comen. When a 
geological survey will extend Over several seasons, however, or when 
maps must cover large areas with consistent accuracy, it is necessary 
to use more precise methods. In these cases, a transit should generally 
be used to meastire angles between control stations, while key dis¬ 
tances should be measured with a steel tape. As [reseated in this 
chapter, these procedures require only ordinary surveying equipment. 
Many additional methods and improviMtions are possible, and the 
reader is urged to consult the sources listed at the end of the chapter. 
When a precise modem instrument is available, as a compact the- 

IIS 


f u Manual o# flM Gaehgy 

odoUte, specific instnictioiis can usually be obtained (rom manufac¬ 
turers. 

7>2. Oanaroi Flan of e Triangulatlon Survey 

In a triangulation survey, points are located by measuring the angles 
fotmed by the lines of sight between the points. The word triangula- 
lion originates from the fact that the lines are treated as the sides of a 
series of joined triangles. This has great practical value because tri¬ 
angles give a simple for trigonometric checks of accuracy as 
well u for computations of distances between points. The length of 
one side of one triangle must be determined before the distances can 
be computed. This side, called the boM Unt, may be measured on 
the ground or computed from existing geodetic data. An example of 
simple triangulatlon is given in Section 6-2. A more precise triangula¬ 
tion survey can be executed as follows: 

1. Determine the distribution of existing triangulation and level- 
line data by inquiries to federal and state agencies. 

2. Plan the survey on the basis of time, funds, equipment, and the 
purpose of the project. 

3. Reoonnoiter the area to select and mark control points and to 
locale existing triangulation stations and bench marks. 

4. Measure the base line (if required). 

5. Level from a nearby bench mark to bring an exact elevation to 
the network, preferably at the base line. 

6. Detcrmirte tite azimuth of the base line, as by a sight on Polaris. 

7. Measure the interior angles of triao^es and the vertical angles 
between triangulation stations. 

6. Compute the lengths of triangle rides, the elevations of stations, 
and the horizontal coordinates of statioru. 

7—3. Using Existing Central Dota for Surveys 

Regardless of wbeth« a control survey will be made by triang^a- 
tion or traverse methods, a good deal of time can be saved if it is 
based on existing survey data rather than on a new base line. In 
many areas, for example, there are two or more established triangula¬ 
tion stations that can be plotted on a plane table sheet and then used 
to intersect any number of other points. Search for control data must 
be started long before the field season begins since it may take sev¬ 
eral months to sound out all sources and to compute distances from 
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geodetic data. Cootrol data may be obtaiaed from tbe following agen¬ 
cies (regional offices should be contacted if their addresses are known); 

Geological Survey, Department of the Interior, Washington 25, D.C 

Coa«t and Ceodrtic Survey, Department of Commerce, Washing¬ 
ton 25, D.C. 

Bureau of Reclamation, Department of the Interior, Washington 25, 
D.C 

Bureau of Land Management, Department of the Interior, Wash¬ 
ington 25, D.C. 

Forest Service, Department of Agriculture, Washington 25, D.C 

Soil Conservation Service, Department of Agriculture, Beltsville, Md. 

Mississippi River Commission. P.O. Box SO. Vicksburg, Miss. 

Lake Survey, Uil. Army District. 003 Federal Building, Detroit 26 
Mich. 

Office of the Chief of Engineen, Corps of Englnetfs, Building T-7, 
Washington 25, D.C. 

Various State geodetic and land survey offices, State highway de¬ 
partments, State natural or water resources bureaus, and State 
geological surveys. 

Tbe following data may be available from these agencies: geographic 
positions (precise latitu^ and longitudes) of stations, azimuths and 
distances between various pain of stations, elevations and descriptions 
of stations, and State plane coordinates of stations. Precise level-data 
that may be obtained consist of elevations and descriptions of beocl) 
marks as well as maps showing tbe lines of leveling stations. All in¬ 
quiries must be specific regarding the boundaries of tbe area concerned, 
and an index map showing latitude and longitude lines should be sub¬ 
mitted if possible. 

When <^y latitudes and longitudes of stations can be obtained, the 
distance and azimuth between two stations can be computed by in- 
oerae position methods, which are based on tbe equations that define 
the average or idealized spheroidal shape of the earth. The equations 
and methods are given in U.S. Coast and Geodetic Survey Special 
Publication 8 (1933) and in U.S. Geological Survey Bulletin 650 (Gan¬ 
nett, 1918, pp. 292-293). 

Nongeodetic surveys can also be used to control geologic mapping. 
Tbe best sources are tbe detailed highway route surveys made l:^ 
state and county surveyors, railroad survey and route data, and ac¬ 
curate plats of property lines and comers (typically held by county 
surveyors and assessors). The surveyor's blueprint maps axe generally 
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not aocunte enough to pennit dire^ seeling of distances. Instead, 
the surv^ coordinates should be used to compute di«rjn<v.y 4 q<| 
bearings. 

7>4. Selecting Slatiofis for a TrienguloKen Network 

The base tine and the triangulation stations can be selected by first 
making a stereoscopic study of aerial photographs and then recon* 
noitering the possibilities in the field. The optimum spacing of control 
stations depends in pert on the scale and nature of the final map. If 
the map be compiled from aerial photographs or hrom several 
plane table sheets, there should be at least two or three stations on 
each sheet or each photograph. If map or photograph scales are be¬ 
tween 1:12,000 and 1:24,000, the sides of the triangles will therefore 
be about 1 to 3 mi long. 

The size and arrangement of the triangles and the base line also 
affect tbe precision thitf can be obtained in a given amount of time. 
The probability for errors increases as measurements are carried 
farther and farther from the base line. The examples that follow illus- 
trale four general arrangements. Networks like that shown in Pig. 
7-IA are used where die base line must be short and visibility is limited 
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to relatively short sights. Each triangle must be closed as accurately 
as possible, and therefore all statioos are occupied with a transit. 
Ah^ugh this is time consuming, the network can be expanded later 
in any direction without loss of accuracy. 

The arrangement shown is Pig. 7~1B is particularly suitable for 
mapping a hi^ range bordered by hilly ground. The stations within 
the heavy-lined triangles are occupied with an instrument, and the 
outlying stations are located by intersection. The intenected loca¬ 
tions are rsot reliable in that they are not checked within single tri¬ 
angles. Much time can be saved by this scheme, however, and the 
mapping can be expanded at each ertd of the chain of occupied tri¬ 
angles. 

In Fig. 7-lC, a short base line has been expanded into an exact 
quadrilateral whose four comer stations serve as a base to intersect 
the other stations with three rays. This is an exoeDent scheme for 
mapping an equidimensional area rapidly and fairly accurately. Quad¬ 
rilaterals may be used to improve the accuracy of other networks^ for 
example, the chain of trianglat of Pig. 7-lS could have been expanded 
as a chain of quadrilaterals. 

Finally, there are cases where a long and accurate base line can 
be used to intersect all stations, typically where an open linear valley 
it bordered by increasingly elevated bills or mountains (Fig. 7-lD). 
If an accessory point (A in the 6gure) is located on the base line by 
taping, the intersections can be checked with a third ray. This scheme 
is efficient in that it takes far less time to tape a long base line than 
to occupy a number of high'lying trangulation stations. The network 
cannot, however, be expanded from the outlying points until they 
are occupied and their constituent triangles closed precisely. 

The accuracy of a survey will be improved by placing the base 
line near the center of the network. Ceoerally, angles should be 
larger than 15**, but this may be altered to fit the precision required 
by the survey. Small angles may be adequate if they are measured by 
repetition and 7- Or 6-place log tables are used in computations. 

Each station must be visible from enough adjoining stations so that 
it can be surveyed accurately, and it must be situated so that it can 
be reached in a reasonable time and occupied safely with an instru¬ 
ment. Triangulation stations used in long-distance geodetic measure¬ 
ments are commonly placed on mountain tops, but there is no need 
to do this for local control surveys. Stations near the centers of valleys 
(often near roads) are ideal in many cases, and low bills, spurt, or 
saddles may afford adequate visibility over rough terrain. 
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After the probable statioo sites have beeo selected oa aerial photo¬ 
graphs or by reoocmaimnce with Beld glasses, each site must be 
visited, dtecked for suitability, and marked with a signal. This seleo- 
boD must be made with care because the stations should not be moved 
ooce instrumentation starts. Signals of adjoining stations must be 
visible at instrument height. The signal sb^kl be as completely lo 
the open as possible so that accessory instrument stations can be 
located from it easily. There must be ample space for the instrument- 
man to move safely around the instrument, esp^ally if the stabon will 
be occupied with a plane table. 

Sketch mop of network. As tbe staboos are selected arnl marked in 
the field, a sketch map should be made of the itetwork by reading 
angles to adjoining staboos with a compass. This map is valuable for 
estimating t^ strength of the network and for planning and executing 
tbe instrumentation. Notes regarding visibility and routes of acoeu 
should be made directly on it; it may also be used to make a reconnais¬ 
sance map of the main geologic features. 

7-*5. Sigrwis for Triongutolien Stations 

Each station should be marked by a firmly set wooden stake or some 
other permanent mark. A signal is then set up over the station as a 
sighting point for instrument work. This is done when the station is 
fim vbit^ in order that each succeeding station can be checked for 
intervisibility. The signal shown in Fig. 7-2 is li^t in weight, can 
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be plumbed exactly over the staboo hub, and can be taken down and 
set up easily during instrumentation. The flag color is chosen to 
contrast with background colors. In most areas, a brightly colored 
flag on a pole 6 to 8 ft high can be seen with an instrument for distances 
of at least 5 mi. There will be an advantage in later computations 
if all poles are the same height. In addition to the materials shown in 
Fig. 7-2, the following will be needed: a small axe or hatchet, pliers 
with wire cutters, a Brunton compass for phimbing the pole, ma¬ 
terials for making a sketch map, and, if possible, a pair of field glasses 
for observirtg other stations. 

7-6. Measuring the Basa Line 

The base line should be measured with somewhat greater precision 
than that required of the control work as a whole. The measurement 
is generally made with a steel tape, but it may be made by pacing or 
stadia methods where their precision is adequate. Precise measure¬ 
ments can be made quickly with a theodolite and subtense Invar bar. 
The taping procedure itself may be modified to yield various degrees of 
precision. In any case, both the precision and speed of measurement 
can be improved by selecting a base line that lies along level or evenly 
sbping ground, with end signals visible from all points along the line. 
Furthermore, the length and orientation of the base line relative to 
adjacent triangles must be considered (Section 7-4). 

Taping wHh tha tap* hald /evef. Distances can be taped most rapidly 
by holding the tape level. Measurements made In this way across 
rough or variably sloping ground need not be in error by more than 
1 part in 2,000; if the ground is even and slopes gently, the method can 
be at least twice that precise. The general procedure is to accumulate 
full lengths of the tape where possible and to break tape (use part of 
a length) where the slope is steep. The following items are required: 
steel tape, 2 plumb bobs, hand level or Brunton compass, taping pins, 
tape thermometer, and 2 notebooks and pencils. A spring scale for 
measuring pull on the tape should be used in relatively precise work, 
but the standard pull of 10 lb can be approximated with practice. The 
Instructions that follow cover the procure step by step. 

1. Party examines maikingi at ends of tape to insure correct read¬ 
ings (tome tapes are graduated beyond the 0 and 100 ft points). 

2. Head tapeman carries 0 end of tape ahead (downhill if passible) 
to that point where the tape must be held at chest height in order to 
be level Rear tapeman sits over station and lines head tapeman In 
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Rf. ^ Tapiog with tape held level 


by sighting om him to far statloo signal. Recorder stands near head 
tapeman and, using hand level, ixkstructs him to raise or lower tape 
within a few inches of level 

3. Rmt tapeman holds lOChfoot mark or other whole foot mark at 
the station p^nt, while bead tapeman bolds plumb bob string against 
0 mark of tape, with plumb bob point just above ground (Figure 7-3). 

4. Recorder clears ground around point of plumb bob, and head 
tapeman stills plumb bob by dipping it gently to the ground. 

5. Rear tapeman calls out the whole foot he is holding, and re* 
corder drives In a taping pin at the point of the plumb bob. 

6. After the distance of the measure is recoded, the last step is 
repeated as a chedc. 

7. Rear tapeman examines marks on both sides of mark used to be 
sure he read It correctly, then he records the distance. 

6. The tape is moved ahead, and when the next measure is com¬ 
pleted, the rear tapeman pulls out the pin and carries it with him as 
an additional tally of the number of measures taken. 

The line should be measured at least twice to detect gross mistakes 
and to ascertain the approximate precision of the measurement Tem¬ 
peratures are recorded alongside the appropriate measures. If maxi¬ 
mum precision is desired, 2 X 2 in. woo^ stakes may be set at each 
point instead of chaining pins, and the recorder marks the exact meas¬ 
ure on each stake with a pencil The stakes pennit an easy remeasure¬ 
ment of the line. 

The measurement must be corrected for temperature and for the sag 
of the tape. The temperature oorrecdoa is based on a coefficieot of 
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linear expansion of 0.00000645 per degree F. If the temperature 
change during taping was slow and totaled only about 5*, the cor¬ 
rection can be made as an average for the Une. It is computed by 
finding the difference between the standard temperature (68*) and 
the average temperature during taping, multiplying this difference 
by 0.000006^, and then multiplying the product by the length of 
the line. If temperature changes were rapid and large, the corraction 
is made by separate sections. 

The correction for sag is likely to be between 0.08 and 0il6 ft per full 
tape length. A fairly exact correction factor can be found by laying 
the tape cm a smooth floor, marking its length under a pull of 10 1b, 
and then marking its length again when holding it off the surface 
with a pull of 10 lb. The correction can also be calculated approxi¬ 
mately from the general fonnula 

uPP 

sag correctfoo ■ 

where tn is the weight of the tape in pounds per foot, I Is the distance 
between supports, and f is the pull applied in pounds- 

Taping on s/epa. If maximum proven it needed, as when a short 
base line will be expanded into a large quadrilateral, the Une should 
be taped by setting heavy stakes on slope at each 100-foot mark, tap¬ 
ing each measure on slope, and then correcting each measure to a 
horizontal distance. 

In order Co obtain suitable precision, the tape should be sent to the 
U.S. Bureau of Standards at Washington. D.C., where it can be stand¬ 
ardized for a moderate fee. The bureau should be instructed to 
determine its length when fully supported and also when supported at 
both ends, using a 10-pound pull. The tape will be marked as stand¬ 
ardized only if the graduations are etched or engraved in the steel 
ribbon, not on separate soldered patches. 

Gullied or boukler-stTewQ ground should be avoided because the 
exact position of each stake cannot be determined at the outset. The 
stakes, preferably of 2 X 4 in. lumber, should be set by placing a 
transit over one end of the base line and lining in a taping party to 
each lOO-foot mark. This is done so that an exact lOO-foot measure 
falls somewhere on each stake. The exact measures are then taken by 
a taping party, and they should be scratched precisely on tin can strips 
nailed to the tops of the stakes. A transit or engineer’s level and 
Philadelphia rod can be used to determine the difference in elevation 
between each pair of stakes. Each slope measure (the standardized 
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length with ttpe supported at two ends) Is then oorroctod for tempera¬ 
ture, as described for taping with tape held levd. The exact horizontal 
distance of each measure is found by the relation 

h* 

horizontal distance ■ corrected tape length - ^ 
where h is the difference in elevation for that measure. 

7- 7. Triengulotion with the Transit 

Triangulatioo with (he transit consisu of occupying the control sta¬ 
tions and measuring the various interior angles of the network as 
wall as the vertical angles to adjacent stations. To do this efRdently, 
the network should first be studied and the angles listed in the note¬ 
book in the order they will be measured. Generally, only the angles 
between adjacent stations are measured; otherwise the computatioiu 
become loo involved. AH angles witliin quadrilaterals are measured, 
however, because both the triangles and the quadrilateral afford checks 
of the sums of angles in each figure. Wherever there is a choice be¬ 
tween lines of sight to outlying stations, as in the system of Fig. 7-lC, 
the si^ts used are those that intersect most nearly to 90** at that station. 

The work can be done by one man. but a second man can help carry 
gear and assist at the instrument. In addition to the transit and the 
plumb bob, the equipment must include a reading glass (2x to 3X), 
notebook and pei^, and tape for measuring height of instrument; a 
pair of field glasses is lueful for finding signab. 

The height of the instrument and the height of the flag should be 
recorded before the measurement is made. The instrument is set up 
firmly and leveled with care, for if the plates are not level, steep sights 
to diriaot stations will be appreciably in error. The various horizontal 
angles should be measured by repetition, as described in surveying 
texts. A reading should abo ho taken on magnetic north at each sta¬ 
tion to check the conformity of the magnetic declination within the 
area; thb data will be very useful in later mapping (Sections S-11 and 

8 - 12 ). 

Measuring verSlral angles wHh tho tfan$Jt. Vertical angles can be 
measured more precuely with the transit than with the alidade, but 
the procedures are essentially the same (see Section 6-10). The angle 
is always found as the difference between the vernier reading to the 
station (the top of the flag) and the reading with the telescope leveled. 
The -f or — sense of the small correction from 0” must be itoted with 
care. To eliminate errors caused by a poorly adjusted telescope 
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level, one reading is taken in the nomul position and one with the 
telescope reversed. The cross hairs and ob^dve must be focused 
carefully to eliminate parallax. It cannot be emphasized enough that 
vertical an^ readings must bt free of mistakes, because the method 
can introduce errors that are in themselves appreciable. Observatioas 
should be made when the air temperature gradient between the in¬ 
strument and signal is as small as possible, as on cloudy, windleu days. 
Refraction by heterogeneous air masses can be compensated for pre¬ 
cisely by observing vertical angles simultaneously in both directions 
with two instruments. If this cannot be done, the effects of irregular 
refraction can be compensated for approximately by making a reading 
in the reverse direction when conditions are the same as when the 
first reading was made. 

For relatively low-angle sights, the stepping method (Section f^lS) 
may give greater precision than a vertical angle measurement. 

7-3. Surveying on Elevation to the Control Network 

An elevation above mean sea level must be surveyed to the base 
line or some other well-located station of the control network. This 
survey should be started at a bench mark, a highway or railroad route 
point, or an established triangulathm station whose elevation is known 
precisely. The elevations and descriptions of these points must be 
obtained well before the field season (Section 7-3). Local surveyors, 
forest rangers, or ranchers can often help locate points in the field. 

It will generally be adequate to make the measurement by vertical 
angle readlngii because all other elevations in the network will be 
determined in this way. If greater precision is needed, a line of levels 
may be run between the two points, as by the method called difforential 
leveling, described in all surveying texts. Differences in elevation 
can also be determined by controlled altimeter measurements (Bou¬ 
chard and MofBtt, 1959; Hodgson, 1967). 

7-9. Obsarvetiort on Polaris at Elongation 

An accurate bearing must be brought to the rtetwork, ai>d this is 
usually done by observing Polaris at elongation. The position of 
Polaris b somewhat eccentric to the earth's axis of rotation so that the 
star appears to move in a small circle around the celestial pole (Fig. 
7 - 4 ). Polaris is said to be at elongation when it appears to move 
vertically, as along the vertical cross hair of a transit The precise di¬ 
rection true north can be obtained by reading the bearing of the 
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Hi. 7-4. Pokrtt M eulem dongittMi, showing rebtion* (rf ptlndpd conrtolbtioM 
on the left and view ihtou^ noninvefting tdeeeopo on (ho right 


star at elongation from tables in a current solar gphomaris. such as the 
booklets prepared annual])’ by the W. and L. E. Curley Company and 
the Keuffel and Esser Company (supplied free on request). 

The position of eastern eloagation can be observed before midnight 
from midsummer to early frU, and the exact time can be determined 
from tables in the 4q>hemeris. If the transit is not equipped with a 
minor reflector to illuminate the cross hairs, a flashlight can be pointed 
toward the objective and somewhat to one side of the Une of sight. 
The observation is made as follows: 

1. Set a transit up over a control station (preferably one end of 
the base Une) and level it precisely by means of the telescope level. 
Practice with iUuminatioo. 

2. Si^t on Polaris 20 or 30 minutes before elongation and then de¬ 
press the telescope to line in approximate north point on the ground, 
about 200 ft away. 

3. Drive b two stakes to bracket this point, and nail a board on 
top of them. 

4. Adjust the telescope and observe tbe star until it appears to move 
exactly along tbe vertical cross hair, then depress the telescope to the 
board and have an assistant drive a 2- or 3-in. nail vertically in tbe 
board in the line of sight. 

5. Elevate tbe telescope to make sure the star is still on dte cross 
hair, if it is, rotate the telescope 180° horizontally, reverse it, and 
sight again on the star. 

6. Depress the telescope again and line in another nail on the board 
(it will coincide with the first if tbe instrument Is In perfect adjust- 
meot). 
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7. Next morning, set the transit up over the same point, align it on 
the midpoint between the two nails, and measure the borizont^ angle 
to an adjacent control signal. 

8. Determine the bearing of the line of si^t to the nai1« by using 
the tables in the ephemeris. 

7-10. Cempwtotions end Adjvstmenti of Trlongwlotlen Data 

Computations of triangulation data should be made in the following 
order: (1) adjustments of triangles and quadrilaterals by summation 
of anglu, (2) computattons of horizontal distances of occupied tri* 
angles by law of sines. (3) adjustments of unoccupied stations, (4) 
computations of elevations, (5) cmrections of elevations for curvature 
and refraction. (8) computation of bearings of triangle sides, and (7) 
computation of coordinates. The computations should be planned 
so that each sheet can be checked by a second independent trial. The 
second set should be run at once, item by item, after the first; other¬ 
wise an error would necessitate redoing all subsequent computations. 
Because few field parties wiB have a computing machine, the forms 
illustrated here are based on logarithms. Seven-place tables should 
be used for an^es measured to the nearest 5 seconds; less detailed 
tables require time-consuming interpolations. The sheets should be 
stored systematically in a looseleaf binder as they are completed. 

Adjustmonta of figvroa. The sum of the interior angles of each 
triangle should be 160” and the sum of the angles of each quadrilateral 
360*. The allowable difference will depend on the precision of the 
survey; if it is greater than 30 seconds, the angles must generally be 
remeasured. The residual error is distributed equally to the angles 
of each triangle. If quadrilaterals have been measured as well, errors 
can be distributed more accurately because each quadrilaten] angle 
is the sum of the adjacent angles of two triangles. These adjustments 
may be made by trial and error; however, if the network is large and 
the results must be unusually precise, they can be made as described 
by Reynolds (1928) and Bouchard and Moffitt (1959). 

When all angles have been adjusted so that triangles sum to 180”, 
the resulting angles should be listed in the order in whidi they will 
be used. 

Cemputorfiens of octupiod trlonglot. Triangles whose three oomers 
have been occupied are calculated first, starting with those that in¬ 
clude the base line. The basis of the csdculation is the law of sines; 
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ushig the notation shown for tb« triangle at the top of Fig. 7-5, the 
unknown sides ore solved by the following equations; 


Afi 


AC 


sin ^ACfi 
sin t AB^ 


and 


BC 


sin L BAC 
sin ^ ABC 


Compirtations with logaritiuns may be set up as shown in the figure, 
a separate sheet of paper being used for each trian^e. 

AdfvsSfnants of unoccupied sScitiens. The angle at an outlying un* 
occupied comer of a triangle can be found only as the difference be¬ 
tween 180* and die sum of the two measured angles, and therefore 
the accuracy of the measurements cannot be checked by summation. 
Instead, adjustments are made after completing the sine computations 
of the sides of the triangles. In Fig. 7^. for example, the outlying 
point M can be adjusted by averaging the two solutions of side MB 
in the triangles AMB and BMC, and the outlying point N can be ad- 
jtisted by averaging the two sohiboos of side NC in triangles BNC and 
CND. if the distance hiN is needed (for example, to be plotted on 
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a plane table sheet) h can be found by computing with the law of 
codnes. Using the notation shown in the figure, the equation it: 

AfW- MB» + IVB* - 2( mb NB) cos ZWBW 

This oomputatioo can be set up for logarithms in a way similar to the 
sine computatioa. 

C^mpviations of afeyetions. Elevation computations are based on 
the law of tangents for right triangles, as shown in Fig. 7-7, a typical 
computation sheet. The + or — sign of the angle is carried through¬ 
out the computation. The heii^t of instrument Is always given 
a + sign, the height of the signal a — sign, and the net difference in 
elevation is found by adding algebraically. As shown in the example, 
the vertical angle used is an average of the angles read from cadi sta¬ 
tion, but the sign used has the sense of carrying die elevation forward 
in the network. The sketch made in the comer of the computation 
sheet insures that this will be done correctly. Elevations of a station 
must be computed in at least two separate vertical triangles, and the 
results are averaged as shown in the example. 

Cerre«t/ens for ewrvafure and refroctien. The earth's surface curves 
nearly 0.7 ft per mile, and thus appreciable corrections are needed 
where level or inclined sights are made over long distances. Light 
traveling from a signal to the instrument U also rdracted downward 
as it passes from less dense to more dense layers of the atmosphere, 
affecting readings in the opposite sense to the earth’s curvature, but 
to a much smaller degree. Refraction varies with atmospheric condi¬ 
tions, but on windless days an average correction can be used. The 
combined correction for curvature and refraction, in feet, is found by 
multiptying the square of the distance, in miles, by 0.574 (Cannet, 
1918, p. 335). This number is always given a sign and Is added 
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algebigic&lly to the di^itne* M cJ«vaf<on u measured by a given 
sight between two stations (Fig. 7^). Study of the figure will show 
that if sights are made in both directions, they can be averaged di¬ 
rectly to give the correct result The corrections are generally made, 
however, to detect errors made in one sight or the other. 

CempuSofiens of bearings. Bearings of triangle sides are computed 
before coordinates for control stations. This is done as shown in Fig. 
7-9. starting with the side used for the observation of Polaris and pro¬ 
ceeding systematically through the network, one triangle at a time 
The computation is made counterclockwise around each trismgle, and 
the final back-bearing serves to cbedc the arithmetic. 
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Cempvtetienj of coordinatot. Coordinate! provide a simple means 
of plotting control stations on a map base, and inter-sUtion distances 
and bearings can be computed easily from them. The coordinates 
considered here are plane coordinates, plotted on the basis of a rec> 
tangular grid. The coordinate axes are oriented NS and E-W, and the 
coordinate <grid) interval is selected on the basis of the scale of the 
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map, generally at even multiple* o( 100 ft The mo«t southwesterly 
station is arbdtTarily given large enough coordinates (as 1,000, 1,000) 
so that all coordinates within the area will have + signs. The com* 
putationi are started at this station and are made as shown in the 
computation sheet erf Fig. 7-10. The sign for each latitude and de¬ 
parture Is determined by inspection of the hearing; westerly bearings 
have - departures; easterly bearings have + departures; northerly 
bearings have + htitudei; and southerly bearings have — latitudes. 
The compulations are first made around the entire perimeter of the 
system, closing on the initial statka to provide a check of the arithmetic 
Computations of the remaining stations are made in Unas across the 
network to that an arithmetical check can be made by closing on a 
perimeter station. 

Stare pfone reerdiMfe sysTemi. Control data can also be computed 
and plotted on the basis of national or state-wide coordinate systems. 
The local state plane coordinate system should be used because these 
coordinates can be computed from the latitudes and departures con¬ 
sidered above. All that is needed to start the computations is to know 
the state plane coordinates of one of the network stations. If one of the 
stations is a government triangulatioa station, the coordinates can gen¬ 
erally be obtained on request, or they can be converted from geodetic 
coordinates by using tables published by tbe Coast and Geodetic 
Survey. A brief description of these coMdlnate systems is given in 
most modem surveying texts. Complete descriptions and tables can 
be purchased for a nominal dharge (see lists in PubUcatioru of the 
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Coast and Gaodetic Survey, which can be obtained from the Director. 
U^. Coast and Geodetic Survey, Washington 25, D.C.). 

7-11. Rectangular and Pelycenie Oridi 

Control points computed to plane coordinates can be plotted on a 
recUngiilar coordinate grid that can be constructed with a long steel 
straightedge, an accurate scale, and a beam compass of suitable length. 
An important preliminary step is to practice drawing straight, thin 

lines. This can be done by (1) using a hard, sharp pencil. (2) holding 

it at right angles to the straightedge and tilted slightly in the dl- 
rectioo in which the line is being drawn, and (3) drawing the line in 
one steady and calculated stroke. It is also advisable to practice with 
the beam compass until an arc can he drawn without enlarging or dis¬ 
torting the needle hole at the point held. 

The instructions that follow are based on Fig. 7-11. 

1. Draw a vertical line near the center of the sheet and construct a 
perpendicular at £ by first striking arcs £A and EB, then arcs AC BC 
AD. and fiD. 

2. Using the scale, set the beam compass exactly at a whole number 

of grid intervals and strike arcs 1, 2. 3, 4, 5, and 6 from points C £ 
and D. r . . 

3. Lay the straightedge next to these arcs and draw east-west lines 
that are tangent to them. 

4. Now set the beam compass for some whole number of grid in¬ 
tervals (for example, to give the approximate proportions shown in 
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Us- r-tl. Coutructina a rectanfalar coordinate grid. 
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the figure) ai>d strike arcs to 1,2,5, and 6 by bolding at points 3 and 4. 

5. Check the diagonal distances and 2-5 with the scale; if they 
are equal, continue with the next stq); if not, erase the work and 
start again. 

6. Pride aD intersected points with a needle and reading glass. 

7. Set the beam compass for a single grid interval, and strike arcs 
from all pricked points to intersect all lines (as at X, y, and Z in the 
figure). 

8. Check these ara with the sesUe to make sure the cmnpass did 
not slip, then prick them and continue to expand the grid until it is 
completed. Draw the grid lines with a strai^tedge. 

The scale of the sheet must r^nain reasonably constant during the 
plotting, and the following instructions will help in this regard: (1) 
season all materials in advance, (2) use one master sede or meter bar 
only, (3) keep materials at the same temperature and humidity, and 
(4) work carefully btU steadier from the beginning to the end of the 
ooDStnictioa 

Control points can be plotted on the grid by the procedure given 
Id Section 6-5. 

Fofyeenk grids. Polyconic grids are customarily used as a base for 
geodetic coordinate data, etpectaUy where a map covers a large area. 
They are constructed in the same general way as rectangular grids, 
except that tables are needed to determine the linear distances sub> 
tended by various arcs of ktihide and longitude. The tables of U.S. 
Geological Survey Bulletin 809 (Birdseye, 1929) are used to make the 
constructian in feet and inches, whereas those in U.S. Coast and Geo¬ 
detic Survey Special Publicadoo 5 (1835} are used to make it in meters. 
Instructions accompany eadt of these sets of tables. 

7-12. Triangulerian wHh the Alidade and Plane Table 

The alidade and plane table are less suited for triangulatioo surveys 
than the transit; however, wind and waathar allowing, plane table work 
is faster and is precise enough for many projects. Horiaontal locations 
are made by intersecting lines of si^t on the plane table sheet, while 
differences in elevation are based on vertical angle measurements. 

Top-quality waterproof plane table sheets should be used; if linen- 
filled sheets must be used, they should be seasoned thoroughly (Sec¬ 
tion 6->8}. The base line should be plotted on the sheet with a steel 
straightedge and the end points pricked with small needle boles. If 
geodetic or other established control will be used instead of a base 
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line, it must be plotted on the sheet by means of coordinate lines (Seo 
tions 7-11 and S-^). The notebook should be set up ahead of time 
and the order of sights from each station listed. 

Starting with the base line, each station is occupied and rays ate 
drawn to adjacent stations and to those outlying stations that would 
otherwise not be intersected with three pencd rays. The pencil lines 
should be made the full length of the fiducial edge so that the board 
can be oriented accurately by backsights. Each pencil ray must be 
labeled clearly. Vortical angles can be measured (Section 6>10), or 
the stepping method can be used (Section 6-15). Special attention 
must be given to the level and stability of the plane table; if the wind 
causes it to flutter, for example, the instrumentman must wait for a 
lull If the telescope is the type that can be released and rotated in 
an axial sense, as the one shown in Fig. 6-3, the vertical angle may 
be repeated with the telescope in revened position. An average of 
the two readings will compensate for incorrect alignment of the cross 
hairs with the line of coUimation. 

Prec/sten. Distances can be scaled along thin pendl lines with con¬ 
siderable precision, for a needle bole ne^ be no more than 0.009 
in. across (at a scale of 1 in. « 1,000 ft, this is 3 ft on the ground). 
The pencil ray itself, however, cannot be drawn along the fiducial 
with more than half this precision. The suggestions for drawing 
straight lines given in Section 7-11 may be helpful in this regard. 
Plotting errors can, with care, be held to less than 0.01 in. Because 
the greatest probable plotting error is at right angles to a pendl ray. it 
is essential in plane table tnangulaticm that intersection angles be 
greater than 30*. 

7—T3. Surveying Control by Transit Traversas 

Where trees or other obstructions make it impossible to locate sta¬ 
tions by triangulation methods, tape and transit traverses can be used 
to establish control The traverses must be run in closed dreuits or 
must be closed on points that can be located at least as predsely as 
the points of the traverse. Because of the predsioo required, the 
courses should be reconnoitered so they can be directed along open, 
evenly sloping stretches. Distances may be taped with the tape held 
level, and a tape 200 or 300 ft long can be used efficiently in country 
with litde relief. 

The first leg of the traverse should be turned from a line of known 
bearing or azimuth. If it must be started from an isolated triangulation 
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sUliOQ, tbe bearing of the first leg can be determined by an observe* 
tiOD on Polaris. This accurate bearing will not be esseobal until the 
traverse data are computed to coordinates; however, it is useful to 
compute bearings of lino as tbe traverse proceeds. Vertical control 
should be run at the same time by reading vertical angles or by step* 
ping vertical distances between stations. 

l^venes tbit close on tbeir starting points may be made efficiently 
by measuring the interior angles of tbe circuits, while traverses that 
start at ooe known point and end at another are best run as deflection- 
angle traverses. The procedures for both types of traverses are de¬ 
scribed fully in most surveying texts (as Bouchard and Moffitt, 195d, 
d). 8). Th^ can be executed by two men. but at least ooe other man 
is helpful for taping and recording. Computations, which should be 
kept up-to-date in camp, will generally include checks on bearings 
computed in the field, correction of taped distances (Section 7^), 
computations of latitudes and departures, computatioas of plane co¬ 
ordinates of stadotu, and computadons of differences in elevation 
from vertical angles and corrected distances. For closed traverses, it 
will be helpfu] in the computations of latitudes and departures if any 
small closing error in the b^ngs is first distributed equally among the 
angles of the traverse. The latitudes and departures should then 
close evenly. 
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Geologic Mapping with ^he 
Alidade and Plane Table 


8—1. Plone TabI* Pre|««t« and Thair Appropriolt Seal** 

The alidade and plane table are esssential for moit projects requiring 
an accurate geologic and topographic map with a scale larger than 
1:6,000 (1 in. » 500 ft). Few topographic base maps with such 
scales exist, and large-st^ aerial photographs do not give the exact 
vertical control needed (or many structural and quantitative studies. 
Accurate topographic and geologic maps are especially valuable in 
resolving such problems as offsets on faults, continuity of beds or ere 
bodies in complex folds, stratigraphic details in intertonguing se< 
quenoes, and relations of various alterations to faults or intrusive 
bodies. Maps used in these studies typically cover 1 to 25 sq mi at 
scales of 1 in. ■ 200 ft to 1 in. ■> 500 ft, and the procedures described 
in this diapter are appropriate for such projects. Mapping at scales 
larger than 1 in. ■ 200 ft may be necessary where measurements and 
sampling must be particularly precise, as in some economic studies; 
this type of project is considered in Chapter 10. 

Geologic and topographic mapping at a scale of 1 in. ■ 1,000 ft can 
be done readily by methods described in this chapter; however, a con¬ 
trolled aerial photograph survey should also be considered because 
it takes less time than a plane table survey (Chapter 9). Complete 
topographic and geologic mapping at scales smaller than 1 in. v 
1,000 ft is not usually undertaken by geologists because it is more 
efficient to map on aerial photographs or to have a base prepared by 
an engineering or aerial survey company. It may be necessary, how¬ 
ever. to map certain limited features or structures at small scales. In 
unsurveyed regions, for example, petroleum exploration may require 
accurate positions and elevations on a given unit over a large area. 
Planning the control for such a survey requires ingenuity aiKl judg¬ 
ment, and plane table procedures must often be improvised to meet 
particular needs. Methods that will be especially useful are the 
gradienter screw and stepping methods (Sections 6-14 and 6-15) 
and the resection and three-point methods (Sections 6-10 and 6-11). 
The suggestions given by Low (1952, chs. 4, 6) will also be helpful 
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t-2. Planning o Plena Tab)# Pr»|act 

Most Urge-scale mapping projects proceed through a series of steps, 
as those indicated in the fetewing suggestions: 

1. Order and prepare materials and control data before the field 
season. 

2. Lay out a local control system and at the same time reconnoiter 
geologic features. 

3. Survey the primary control and make control computations. 

4. Plot primary control on plane table sheets that will be used for 
stadia mapping. 

5. Walk over the area to make geologic sketch maps, flag contacts 
and faults, and select instrument stations for stadia work. 

& Survey instrument stations or secondary ctmtrol points. 

7. Map geologic features, topography, drairtage, and culture by 
stadia methods. 

6. Complete the map by checking geologic features, making doo> 
instrumental additions, and walking aoss-section lines. 

Suggestions for preparing and ordering materials ai>d data are given 
in Chapters 1, 0, and 7, and Appendix 1. Considerations of plane 
table sheets, instruments, and established control are particularly im¬ 
portant Aerial photographs are always valuable to a plane table 
project 

The steps listed above can be done by two men, unless a base line 
is to be measured precisely. A three-man party might coiuist of an 
axperieooed geologist, a second man who knows surveying methods 
as well as some geology, and an assistant The geologist would be 
the key man in step 5, above, and be would gerierally be rodman dur¬ 
ing the stadia mapping. The second mao would help plan the control 
work and would be responsible for its execution. If he could do steps 
3, 4, and 6 while the geologist did step 5, a good deal of time could 
be saved. The helper would work wi^ the surveyor and would be a 
recorder either at the iiutnimest or rod during the stadia mapping. 

For larger parties, it it unwise to switch major jobs during the con¬ 
trol work. To give oontinuity, the examination and stadia mapping 
of any one part of the area (as a plane table sheet) should be guided 
by one geologist. 

The time required for a plane table jvoject depends on many factors, 
especially the complexity of the geology, the openness of the terrain, 
aikd the weather. Assuming the scele chosen is such that geologic 
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features can be plotted easily, an area covered by four sheets will, 
under average conditions, require about 20 six-day weeks for the three- 
man party described above. This assumes that the control and stadia 
surve^ng are done precisely enough so stadia survey points are within 
about 0.02 liL of their true positions. 

Cfieos/np rke acefe. The scale for the plane table mapping should 
be considered in a general way before the field season, but tbe final 
choice requires a geologic reconnaissance. In particular, it must be 
determined how large the smallest units or features ore that must be 
mapped to scale. The ideal scale is just large enough so these features 
can he plotted easily and accurately. General working precision of 
the alidade and plane table are such that errors on the map can be 
held to less than 0.02 in. (Section 7-12). If, for example, measure¬ 
ments made from the map can be in error by no more than 2 or 3 ft 
00 the ground, the map scale should be 1 in. » 200 ft At this scale, 
features 20 ft across (0.1 in. on the map) can be plotted easily to 
scale. Many economic and detailed geologic studies require this sort 
of detail If mapping errors may be as large as 5 to 10 ft on the ground, 
and features no larger than 40 or SO ft across need be shown to scale, 
mapping should be done at scales of 1 in. » 400 ft or 500 ft. 

8—3. Recenneitering the Control Syatom and Ooelogk Footvres 

The first step in the field is to recoonolter tbe area in order to get 
a general view of the geologic features, plan tbe scale of the work, 
and lay out tbe control netwi^ or plan tbe control traverses. Aspects 
of planning control surveys and selecting stations are given in Chap¬ 
ter 7. A compass sketch map of the control system should be us^ 
as a base for a geologic sketch map (Section 7-4). The scale of this 
map will typically be one-fourth or one-fifth that of the final sheets, 
and its accuracy need be adequate for planning only. More detailed 
sketdi maps and sections showing areas of special interest can be made 
in field notes. In many cases, aerial photographs make an ideal base 
on which to sketch features that will later be mapped in detail beeause 
some structures and rode units esm be recognized on them at once. 

8-4. Choosing the layout of Plano Table Shoets 

After the control system has been surveyed and computed (Chap¬ 
ter 7), the plane table sheets are prepared for stadia mapping. The 
first step is to determine the optimum layout of plane table sheets rda- 
tive to the area to be mapped. Each sheet must (1) include at least 
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two and jveferably three or four loterviiible control points, (2) have 
none of these points closer than 2 in. from its edges. (3) overlap at 
least 2 in. with each adjacent sheet, and (4) cover the area so that no 
stadia points need be plotted closer than 1 in. to its edges. The lay* 
out can be selected as follows: 

L Plot the control points on one piece of paper, at about one-fourth 
the scale to be used in mapping (nearest-V4"*>ccuracy is adequate). 

2 Cut several rectan^ from tracing paper, eadi representing a 
plane table sheet at the same scale as that used in step 1. 

3. Arrange and rearrange these rectangles over the control plot 
until an optimum layout is obtained, then prick the comers through 
to the plot and draw the positions of the sheets on the plot 

This procedure is simple if the ground is reasonably open, but if ap- 
predabie parts of dm area cannot be seen from certain nearby control 
stations, the sheets must be arranged to cover these blind spots. The 
scale of the work and the minimum spacing for stadia instrument sta¬ 
tions should be considered (Section 6^). 

8-8. Pletlino Frimery Control on Pleno Toblo Shoots 

After the plane table sheets have been prepared, the primary con¬ 
trol points can be plotted on them by using coordinates or by inter¬ 
secting with a beam compass. To plot them by coordinates, the co¬ 
ordinate grid should first be constructed with moderate precision on 
the small-scale layout described in Section 3-4. The approximate posi¬ 
tions of two coordinate lines are then found by transferring distances 
from the small-scale plot, as distances MS and MP in Fig. ^1. Start- 
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n«. >•>. TniKfwTtni ooDttol palati A and B fmn muU-^cale ifawt (laft) (o pl«t>» 
UUa sh«et. and intenectlng a third point. C. 


ing with A meridian line nich as MP, a perpendicular is constructed 
at M on the plane table sheet. A control point such u A is then plotted 
by (1) scaling its coordinates from M to S and T, (2) setting a beam 
compass for the distances MS and MT, and (3) spiking arcs from S 
and T to intersect the point. When all points are located and checked, 
the coordinate grid is inked in very thiii hnes. 

If coordinates were not computed, the points can be plotted by in* 
tersecting with a beam compass. In Fig. 8-2, for example, the ap¬ 
proximate positions of points A and B are first located by transferring 
such distances as WB, XB, YA, and 21A from the small-scale plot to 
the plane table sheet. A thin pencil line is then drawn through the 
points on the sheet with a steel straightedge. A fine needle bole is 
pricked first for one station, and then the other station is pricked 
after carefully scaling the exact (surveyed) distance AB. A beam 
compass is next set to the escact distance AC and an arc is struck in 
the approximate area of C. When the same is done for BC, C is 
located by the intersection. The distances should be checked with a 
scale, and the point should he pricked with the help of a readiitg glass 
or hand lens. Finally, a north-south line can be drawn on the sheet 
by referring to the bearings of one of the lines. 

8—0. Instrument Stations for Stadia Work 

The primary control points cannot be spaced closely enough to pro¬ 
vide instrument stations for all the stadia mapping, and additional 
stations must therefore be located. How this will be done depends on 
the scale of the project and the nature of the geologic features and 
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temin. If the scale is large, the geologic features cotnpleK, and the 
terrain reasonsblx accessible, instrument stations should be selected 
during a preliminary and rather detailed examination of the entire 
area, as described in Section 8>7. The new stations are marked with 
signals and surveyed by intersection from primary stations. These 
instrument stations are sometimes called the tacondary control because 
they are located as a subsidiary network of points, prior to the stadia 
mapping. Where mapping scales are rather small, geologic features 
are simple, or the terrain is so rou^ that it is not efficient to work in 
any part of it more rhan once, Instiument stations should be selected 
and surveyed as the mapping progresses. These stations must be 
located by resection, three-point methods, and inverses ( Sections 8-10, 
11. and 12). 

Although there should be as few instrument sutioni u possible, they 
must be spaced doiely enough so that stadia measurements will be 
adequately precise. The stadia intercept can usually be estimated 
to the nearst 0.02 ft at distances less than 600 ft. The predsioo of 
readings aird Beaman conections falls oS rapidly for sights of more 
than 1,000 ft Instrument stations should therefore be spaced about 
2,000 ft apart for detailed mapping. This distance may be inaeased 
moderately where the map scale is small or where errors may be larger 
than 8 or 10 ft on the ground. The limiting distance should be tested 
by each party, because stadia accuracy depends not only on the dls* 
tanoe to the rod but also on the qiialities of the instrument, the rod, 
and the lighting. 

Instruineot stations can be selected systematically and quickly in 
open country of moderate relief, but obstacles often limit this selection. 
Each station must give a clear view of the ground to be mapped and 
must be visible riom at least two primary statioos (three primary sta¬ 
tions if three-point methods will be used). Ideal staticms are in open 
valleys or on the tops of low knolls from which there is a view up and 
down a valley as well at to the valley tides. Gently sloping ridges 
and saddles are often good locations. The tops of steep hilk or ridges 
are typically unsuitable because the Instrumentman will not be able 
to see their slopes. 

A stake or solid rocJc can be used to maiic each station. Staticms 
that will be located by intersection must be marked with a distinctive 
signal, as a cairn or a small flag aitd pole similar to the one described in 
Section 7-5. 
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S—7. EKamining G*«logi< FMtur«« and Flagging Contacts 

In anus that must be mapped in detail, geologic features should 
be examined before stadia mapping is started. This can be done at 
the same time the instrument stations are selected and marked (Sec* 
tioo 8-6). Sketch maps should be made of the more complex parts 
of the area. Points that will be used in the stadia mapping can be en> 
tered on these sketch maps and marked in the field by small strips 
of bright cloth or plastic ribbon. Elxamples of such points are sharp 
turns in contacts, intersections of contacts and faults, or places where 
critical structural details can be seen or important specimens collected. 
The flags may be hung on bushes, limbs, or rock outcrops where they 
can be seen easily by the rodman. The examination and flagging 
should give so clear a picture of the main geologic features that the 
stadia mapping will be more nearly a systematic coverage than a 
painstaking exploration. Otherwise, the instrumentman and recorder 
may stand idle for long periods while the rodman puzzles out each 
contact. It is not desirable, however, to flag all the points that wjU 
be used to make the final map. Additional criticsd points will be dis¬ 
covered during the mapping, and many points will have to be added 
to map nongeologtc features as well as geologic detaib. 

$-8. Cheesing the Centewr Interval 

When (he control survey and preliminary geological examinatioa 
are completed, it should be possible to ^oose the best contour in¬ 
terval for the stadia work. The standard intervab for large-scale 
plane table maps are S, 10, 20, 25, 40, and SO ft. The interval should 
be chosen on the basis of the scale and purpose of the map, the steep¬ 
ness of slopes, and the probable spacing of stadia points. Commonly, 
too small an interval b chosen; thus more time b spent locating and 
drawing contours than b Justified. An interval of 10 ft or less should be 
used o^y where gently sloping topographic forms must be mapped, 
or where unusually detailed vertical control b needed for mining and 
coiutrucbon operations. An interval of 20 or 25 ft b the best choice 
for most large-scale mapping projects, even where spacing of stadia 
points will be stich that 10-fbot contours could be drawn. A contour 
interval of 40 or 50 ft b generally preferable for projects where the 
map scale approaches 1:6,000 (1 in. a 500 ft) and where slopes are 
steep. 
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8-9. Int«r«*e(ing Imtrvmairt Stati«n> 

After tbe primvy statioos have been plotted oo each plane table 
sheet (Section 8-5), each primary station is occupied and rays are 
dnwn to all visible instrument sUtion signals. The procedure is the 
same as that for primary triangulation (Section 7-12). Stations lo¬ 
cated by three-line intenections should be pricked carefully with a 
needle and labeled with ink. Computed elevations should be lettered 
in pencil beside the station, but tl^ must not be iitked until the in¬ 
strument stations are occupied for stadia work and tbe vertical angle 
to each primary signal is chedced by a reverse reading. 

Instrument stations that can be seen from only one or two primary 
stations must be located or checked by accessory rays from other sec¬ 
ondary stations. In some cases, a ray can be drawn to them by off¬ 
setting a short distance from a primary station. This b done by setting 
up at the primary station, drawing a ray toward a point from which 
tbe instrument station can be seen, measuring the distance by taping or 
stadia, and plotting the new accessory station. When set up at thb 
new point, the plan (able must be oriented carefully on the primary 
point used to lottte it and thtn chtcktd by righting on other points. 

8-10. L«calln 9 Intirumefrt Stetlens by Resection 

Instrument stations in outlying parts of an area can often be located 
more efficiently during tbe course of stadia mapping than during the 
intersection of tbe secondary control Thb b particularly true where 
the map sesde b small By tbe m^bod of rtteetkm^ the location b 
msde drawing a ray toward the point occupied, as explained in tbe 
following example. 

A rodman has completed all stadia work In a given direction from 
the instrument whidh b at SS in Fig 8-3A. He examines the ground 
beyond and chooses a new iiutrument station, Sd, from which he can 
see at least one primary station, M, from instrument height. He marks 
tbe point with a rock or stake and plumbs the stadia rod oo It Tbe 
instrumeotnuu checks the orientation of tbe plane table by sighting 
on a primary signal; then he si^ts on the rod, draws a ray, and reads 
a vertical angle. When tbe plane table b moved to the new point, it 
b oriented by a badsight on station S5. The instrumentman then lays 
the front part of the fiducial edge against tbe needle bole marking the 
primary station M and sights on the signal of that station (Fig. &-3B). 
Intersection b achieved by drawing a ray bock along the fiducial edge 
to cross the ray drawn from S5 toward S& A vertical angle b read. 
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H«. •-». Loeatfais • mw tiutnimeot lUtton (S6) fnioi an atabUilMd oaa (SS) 
by tcMCticn. 


and then other primary signals are sighted and other vertical angles 
read to serve as checlu. Stadia mapping may begin at S6 as soon 
as its elevation is computed from the vertical angle and the borironta] 
distance scaled from the map. 

1—11. Threa<Pelnt Lecoliens 

When the plane table must be set up at a new station toward which 
no rays have been drawn previously, It is necessary to orient the board 
and intersect its position by threo-point methods. These methods are 
espedally useful for intermediate-scale and small-scale work or where 
terrain is so rough it Is inefficient to set up all station signak before 
the stadia mapping The control lor these projects u typically a net¬ 
work of very large triangles, artd therefore the primary signals should 
be placed so that they can be seen over Urge areas. 

Tracing sheet method. This quick and aln ost foolproof method of 
three-point location requires several sheets of tracing paper and some 
drafting tapa The procedure is as follows: 

1. Set up the plane table at the new station, in view of at least three, 
and preferably four signak that are plotted on the sheet. 

2. Tape a piece of tracing paper anywhere on the sheet and prick a 
small needle bole in it. 

3. Ti^ten the Johnson head, lay the fiducial edge against the needle 
hole, and sight each of the three or four signak through the telescope. 
Draw rays toward each signal from the needle bole, but stop each ray 
Just short of the hole. 

4. Remove the tape and shift the tracing paper until each of the 
pencil rays passes exactly through its corresponding plotted point on 
the plane table sheet (Fig. 6-4), 
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t-A. UiiBg a iba«t ol tracing paper to 
orient the plane table ovae a new etation. 
Tlte iiyi in tbe Sgwe are on the tracing 
paper, wbeteai tbe trlan^ are control lU- 
tloiu dwt can be tom tbraugh it 


5. Prick a hole io the plane table sheet by inserting the needle 
throu^ the hole in the traemg paper; then remove the tracing paper. 

6. Loosen the lower screw of the Johnson head, place the alidade on 
the sheet so that the fiducial bisects the new rveedle bole and the hole 
marking the farthest station, then orient the board by sightiirg on tbe 
signal of that station. 

7. Tighten the lower saew of tbe Johnson head, and check tbe 
orientation by righting on the signals of the other stations. 

Tbe only points that cannot be located in this way ore those that 
lie on or very near the circle that passes through the three points 
rioted (the great circle Fig. S-5). These cases become obvious 
when step 4, above, is attempted, and dtb« a fourth point must be 
used or ^e plane table must be moved 

Correcting o compass oriofitot/en. When tracing paper is not avail¬ 
able, the board must first be oriented by the magnetic needle or by 



Hf. s-a. RsbUoo between eoetrol lUtiOM (A, B, sad C), die peer drcle that 
peiMs throufb tbem, sod the tnsll triangles of «nor formed by three-line inter- 
•eclioii* 00 so impe r le cd y ericBled plane table. In eeri) ctae the onall drde 
shows the correct pCMtioa of the poiot loeghL After Birdseye (19SB, p. BOB). 
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estimation. Three or more points are then tinted, and rays from 
each of them are drawn back along the fidudal edge. If the board is 
oriented correctly, these rays will intersect in a point, and the loca- 
tion is completed unleat all the points lie on a circle, as noted above. 
If the rays form a small triangle, the orieotatioD must be corrected, 
and this is done essentially by trial and error. The following rriles, 
based on those given by Beamaa in U.S. Geological Survey Bulletin 
788 (Birdseye, 1928, p. 203) will help to determine the approximate 
position of the true point relative to the small triangle. The rules 
and the terms used are illustrated by Fig 8-5. 

1. If the small triangle is within the great triangle, the true posi> 
tion of the point is within the small triangle. 

2. If the small triangle falls between the great triangle and the 
great drcle, the true position of the point lies outside the small triangle, 
opposite the side formed by the ray from the middle station sifted. 

^ If the small triangle ties outside the great circle, the point sought 
lies outside the small triangle and on the same side of tiie ray from 
the most distant station sighted as does the intersection of the other 
two rays. 

The actual position of the point sought can be estimated by con* 
sidering the distances to the three points sighted. The trian^e vras 
caused by rotation relative to these three statioos; the true position of 
the point is therefore closest to the ray from the nearest station axal 
farthest from the ray hxHn the farthest station. Moreover, the dis* 
tances between the true position of the point and the three rays are 
proportional to the distances from the point occupied to the three 
points sighted. 

After a new point is marked, the alidade is placed alongside it and 
also alongside the point representing the farthest station. The plane 
table is reoriented by sighting on the farthest station, and rays are 
drawn back from each station, as before. The procedure is repeated 
until any remaining small triangle can be resolv^ into a point. With 
nwderate experience, this can be done In about three trials; however, 
the final point should not be chosen too quickly (a needle bole it very 
small). 

Regardless of whether this method or the tracing paper method is 
used, the reliability of the locations will depend largely on the trig¬ 
onometric strength of the Intersections. Points within the great triangle 
can be located most exactly, while those outside it become less and 
less reliable as intersections of rays become more acute. In Fig. 8-5. 
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for example, locations southeast of stttion C are inbereolly weak, and 
some other primary stadoa to the northeast should be slated if pos¬ 
sible. 

1-12. Traversing with the Alidade and ^tane Table 

Instrument stations that cannot be Intersected from other points 
must be located by traverses. In heavily wooded country all sutions 
must often be surveyed in this way. The traverses may be started at 
primary triangulatioo points or (as Is typically the case in wooded 
country) from the sutions of primary transit-tape traverses (Fig. 8-6). 
The legs of the travene should be measured with a tape where they 
must be quite precise, but leu precise traverses can be tun by stadia 
methods. Where the country is reasonably open and the going is not 
diAcult, traverses are somedmes nin only to locate Instrument sta¬ 
tions, and they are therefore closed before stadia mapping is started. 
Where the going is rough, it will generally be more efficient to map 
geologic features and topography as the traverse is run so that the 
drcuit need be taken only once. When this is done, the traverse course 
should be reconnoitered thoroughly ahead of time and surveyed with 
extra care. 

A stadia travene is the tame in principle as the traverses described 
in Chapter 3 and Section 7-13. The plane table is first set up over a 
point of known locadm) and oriented by sighting on another known 
point, or, perhaps less reliably, by using a magnetic meridian (sec¬ 
tion 6-8). The rodman then selects the first forward sUtion and his 
position Is nteasured by tbe usual stadia methods (Section 6-11). The 
stepping method should be used where possible to determine the dif¬ 
ference in elevation. The Imgth of each leg should be checked by a 
backsight measurement when the instrument is moved ahead; other¬ 
wise mistakes would not be detected until the traverse was closed. 



Ht- Pkm table ibeet. showing primary 
tnvenes (heavy Knat) and lystam of cloaad 
stadia travwsaa naed to map the area. 
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The legs of the tnverse may also be measured by taping. In most 
cases, tbe taping need be no more precise than the plotting limitations 
of the plane table method. The procedure described in Section 7-d 
may therefore be modified by ( 1 ) leveling tbe tape by eye, ( 2 ) carry¬ 
ing a measure to tbe groui>d by dropping a pebble rather than using 
a plumb bob, and (3) reading each measure to the nearest tenth of a 
foot. To prevent big mistakes, taping pins or comparable markers 
should be used to give the rear tapeman a check on the number of 
measures taken. 

S-19. Mopping by Stedto Methods 

Stadia mapping should be started in an area where the geologic 
and topographic features are relatively simple. It should then be ex¬ 
panded into surrounding areas without leaving gaps that would ne¬ 
cessitate occupying stations a second time. This systematic coverage 
will be aided greatly by a preliminary examination and sketching of 
geologic features, as described in Sec^en 8-7. When this system is 
used, the rodman is the key man of the party and he should direct tbe 
work; the instrumentman may need a recorder to keep up with tbe 
rodman if the scale U large. Where tbe scale is intermediate and 
geologic features relatively simple, tbe geologist should generally work 
at the instrument. To map efficiently, he may need more thim one 
rodman. Finally, where Urge amounts of data and samples must be 
collected, it may be advantageous to have two geologists at the rod 
and one man at the instrument. 

With the plane table set up at an instrument station, the rodman 
and Instrumentman should decide on the layout of the first series of 
stadia points. This is paiticuUrly important in rough or partly wooded 
country where the rodman will commonly be out of sight while walking 
from one stadia point to the next. The course of points will generally 
fonn a loop, perhaps up one valley and down an adjacent ridge; the 
idea being to complete the points needed to map that small part of 
tbe area. When the loop is closed and the rodman returns to the in¬ 
strument, he should draw the geologic and geographic features im¬ 
mediately. As he does this, the iastnimentman should complete the 
calculations of all elevations. After these are penciled on the sheet, the 
instrumentman and rodman should together sketch the small segments 
of contour lines within tbe area mapped. With all the data plotted 
on the sheet, the next series of points can he planned. The number of 
points that should be located in a series varies with the scale and the 
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complexity of the geology, but between 12 and 25 will be right for 
ffloet ctuee. If too many points are located before sketching is started, 
the principal value of the plane table method will be lost. 

In addition to working the alidade, the instrumentman helps the 
rodman draw geographic features. His notebook and procedures are 
described in Chapter 6. The duties of the rodman-geologist are maiii> 
fold. Not only must he select and describe the points that will be 
most useful In building up the map, but he must plumb the rod at>d 
carry It from one point to the next as swiftly as is safe. 

The rodman-geologist should carry a notebook to record descrip¬ 
tions or sketches of the features on which he takes points. His notes 
should cover not only specific geologic items, such as contacts, faults, 
specimen locations, and small-scale structures, but also pertinent non¬ 
geologic data. In a mining district, for example, be should carefully 
delimit all workings, including minor exploratory pits and trenches, 
aU property posts and calms, and all dumps. Unlets the layout of the 
geologic and geographic features is simple, he should make scaled 
sketches in the notdrook that show positions of stadia points relative 
to nearby features (Fig. fi-7). The stadia points should be used as 
a h'amewark from which minor features are located by pacing, by 
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estimating, or by using the rtadia rod *s»»eale Thews sketches should 
h« made at four or five times the scale of the plane uble sheet so 
they can be used to draw details accurately on it when the rodman 
returns to the plane table. 

Drawing contavra. Contours are drawn by two methods-inteqsola- 
Oon between points of known elevation and visual projection of level 
lines across the ground. InterpoUtioo is used to find the spacing of 
a given number of contours on a constant slope. In Fig. fi-8, for «- 
ample, the positions of the contours nearest the two stadia points are 
first estimated and marked on the map; in this case they are the 400- 
and 480-foot contours. The intervening contours are then spaced 
evenly between these two lln«, Although the spadng can be com¬ 
puted and scaled precisely, as described in surveying tots. It is gen¬ 
erally preferable to estimate the spacing of lines by 
slope visually. Irregularities in the slope can thereby be shown on the 
map. When the spacing of oontoun has been determined at a number 
of places, the lines are connected by visually projecting their imaginary 
traces across the ground and sketching these traces on the map. This 
can be done more easily If all adjacent ridge lines, drainage lines, and 
other prominent feahues are drawn first. 

If the geologic features are so large that many stadia points will be 
used for oontoun only, the rodman can use a hand level to find a given 
contour and then walk a level Kne to get several points on It If this 
is done for every third or fourth contour, the intervening Unes can be 
interpolated accurately. 

Marking stadia paints. It is wwthwhile marking most stadia points 
if the map will be brought up to date from time to time or onbellished 
with more detail, The points can be marked by writing the point num¬ 
ber in large cdor-crayon figures on the outcrop or on a fiat stone placed 
at the point. If the point was flagged before mapping, the number can 
be written on the flag. A csurn of a few stones or a stick held upright 
between stones can be used if there is no place to write the number. 



K*. S-e. Interpolating £0-foot cootoon bctwees two stadia points; profile at left, 
map at right. 
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Most points marked in these ways can be found easily by anyone carry¬ 
ing the plane table sheet, even several yean after the survey. 

^14. Using Aerial Photographs in Plone Table Artapping 

Time can often be saved by transferring points or features from aerial 
photographs to plane table maps. This can be done by intersecting 
from thrw or more points that have been plotted on the plane table 
map and identified predsety on a photograph. The method is similar 
to die three-point methods described in Section 8-11. In Fig. 8-8, for 
example, a sheet of tracing paper has been placed over the photograph 
and rays have been drawn from the point to be transferred through 
any three points located on the plane table sheet (they need i»ot be 
control points). The tracing sheet is then placed over the plane table 
map so that the three rays pass over the correspoiKling points on the 
map. The new point lies under the intersecrion of the rays, and it can 
be marked by pricking through the intersection with a needle. This 
method can be used precisely In areas of low relief or where all the 
points lie at similar elevations {Section 5-3). In areas of moderate to 
high relief, it is necessary to use the radial line methods described In 
Chapter 9. 

In oreos of low relief, an aerial photograph can be enlarged to a 
suitable scale and used directly as a plane table sheet. If the photo¬ 
graph has appreciable tilt distortion, it can be rectified to an untilted 
image after throe or more control points have been located on it (see 
Moffitt, 1959, ch. 10). The photograph b prepared for mapping by 
drawing a magnetic north line on it and plotting three or more control 
stations that are at similar elevations. Mapping can be started from 
any of the control points or from other points located by three-point 
methods (Section ^11). Stadia or intersection methods can be used 



Hf. a-e. Transfcnlng a poiot fioai a plMtograph to a piano table nap by intor- 
■octing on a abeet of ttadog paper. 
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to locate poiats exactly as on a map; however, the change in scale with 
elevation must be taken into account (Section 5-0). The photograph 
image should be used wherever possible to delineate features directly; 
commonly, only a few stadia points will be needed to draw a given 
feature accurately. Contoun can be drawn most easily by using a 
stereoscope and sketching directly on the photographs. Generally, 
fewer devatkms will be needed than would be used in ordinary plane 
table mapping. 

ft-IS. Method of Mevin 9 the Plane Table around the Rod 

The procedure that follows may be preferred for mapping at inter¬ 
mediate scales. Its only special requirement is that the magnetic decli¬ 
nation must be nearly constant over the area or the magnetic meridian 
must be determirved for each control station. 

1. The rod is placed on a station marked on the plane table sheet. 

2. The geologist sets up the plane table at a feature he wishes to plot 
and then orients the board by the magnetic meridian. 

3. To locate his position, he draws a ray toward the rod and makes 
the usual stadia readings and computations. 

4. After plotting the point and sketching the features arouttd it, he 
moves the table to another point. 

An advantage of this method Is that the plane table is directly over 
the outcrop, where relations can be drawn accurately artd completely 
in one step. Moreover, the method is the only one that enables one 
man to make a stadia survey, for the rod can be replaced by a gradu¬ 
ated pole that is guyed in place by three wires. For small-scale work, 
an isolated tree can be stripped and painted with one-foot graduations. 

•-16. Work on (ho Fiona Tablo Shoat In tha Evaninp 

After each day’s mapping, the stadia points kxmted during the day 
should be marked with waterproof ink by placing a small dot in the 
needle bole that marks the point. The point number should be lettered 
about Ho io- high beside the point and facing so as to read from the 
south edge of the sheet. Elevations should be left in pendL Structure 
symbols may be inked in from day to day, but other geologic features 
are best left in pendl until the final field diedc of the map, unless the 
features are simple ar>d are located by many stadia points. If possible, 
contours should be left in pencil until the map is completed. Pendl 
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work in completed areas can be protected against smudging by over¬ 
lays of brown paper. 

The instrumentmao or recorder should also chedc through the stadia 
computations for arithmetical mistakes, while the rodmao-geologist ex¬ 
amines the notes and sketch maps of the preliminary geologic examine- 
bon to determine what should be covered in the next da/s mapping. 

1-17, Vtrticol Cress Sections from Plono Table Mops 

Almost any project requiring a plane table map will also require de¬ 
tailed vertica] cross sections. Se^ion lines should be chosen as the 
iitapping approaches completion. They can then be walked out during 
the final stages of the mapping, when geologic and geographic details 
can be added easily (Section 8-18). The sections should he drawn in 
pcndl before the party leaves the field. 

The section lines should be chosen to intersect as many geologic 
features as possible at about right angles to their structural trend. The 
Unes should be drawn with a sharp hard pencil and a steel straightedge. 

S-18. Complotinp Plano Table Mops 

After the stadia work on a plane table sheet has been completed 
and cross-sectioa lines penciled on it, the sheet should be carried into 
the field to check the shapes and positions of the various features. 
Details overlooked in the stadia mapping should be added, especially 
along the cross-section lines. At diis stage of the work, the value of 
the stadia point markers described in Section 8-13 becomes apparent. 
The markers permit exact recovery of most stadia points, so that data 
can be added accurately. 

The map is generally carried on a plane table board, and the changes 
and additions are made by compass and pace (or tape) measurements 
from the stadia points and instrument stations. Some of the following 
are commonly added at this stage: structure symbols to complete cov¬ 
erage (especially those minor structures that were overlooked until 
the mapping was well along), thin or partially hidden key beds, litho¬ 
logic variants with gradational boundaries (especially in igneous and 
meiamorphic rocks), areas of hydrothermal alteration, and contacts of 
surfidal materials. This is also the best time to make systematic col¬ 
lections of rocks, minerals, or fosrib, particularly where there are spe¬ 
cific problems to be solved. 

After the field work is completed, the map should be inked. labeled, 
and perhaps colored. Geologic features should be inked first, either 
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a]l in bUdc, or by u*iog green for faults and red for veins, ore bodies, 
or other features that require emphasis. The culture should then be 
inked in black, followed by the drainage in blue. Finally, contours 
may be inked in brown. The entire map should then be cleatkod with 
a soft eraser, after which it may be color^ in pale erasable tints. Syro- 
boh for rock units may be added in block ink if space permits. 

Each plane table sb^ should then be given an inked title, including 
project or geographic name, sheet number (or an index map showing 
its location), names of organization and party members, and dates of 
the survey. A north arrow and bar scale must be added, even if the 
map has a coordinate grid. Piirally, on explanation should be drawn 
that includes the rock colors, symbols, structures, and culture symbols. 
If there is not room for all these items on the ^nt of the map. they 
can be put on the bock. Although they may seem unimportant in the 
field, the map would eventually become wmtkiess without them. 

B^re packing gear to leave the field area, all notebooks, sketch 
maps, computations, aerial photographs, and other items bearing in* 
formation on or about the survey should be accumulated, check^ to 
see that they are suitably labeled, put in correct sequence, and packed 
for transport. Plane table maps must always be packed flat. The in* 
struments and their carrying boxes should Im dusted with a soft brush 
or cloth and then packed for transport 
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Making a Geologic Map 
from Aerial Photographs 


9-1. GtMrai VoIu« of Aorlol Photograph CompiloHoni 

Geologic features plotted on aerial photographs are generally trans¬ 
ferred to a base map (Section 5-11), but a map can also be compiled 
directly from the photographs. This method of malcing a geologic map 
is often superior to the plane Uble method, especially if the scale is 
small or intermediate. The control network can usually bo planned 
and surveyed more quickly than that for a plaire table projoct, and 
there is no need for rime-consuming stadia measurements. Moreover, 
unless a base line must be taped, the entire photograph survey can be 
nude by one man. The compilation of the firval map is not nearly so 
simple as drafting a map from plane table sheets; however, this com¬ 
pilation does not take up any field time. 

Use plane table method is generally superior for mapping at large 
scales. Photographs with scales larger than 1:18,000 are usually not 
available, and it is difficult to compile a map from photographs en¬ 
larged more than two times. Moreover, the detailed relations shown 
on such maps are, in a sense, misleading, for the compilation can be 
no more accurate than the original photographs from which the en¬ 
largements were made. 

The methods described in this chapter can be used to make a plani- 
metric map from an overlapping set U aerial photographs. No spodal 
eqxiipmcnt b required; however, photogrammetric instruments and 
office equipment will aid the compilation considerably. Compiling 
contour maps frtMn aerial photographs requires special instruments 
and involved procedures, as those described by tlie American Society 
of Photogrommctry (1952) and Moffitt (1959). The third dimension 
on the planimetric compilation can be shown locally by elevations 
measured during die control surveys. It can also be shown by a series 
of cross sections if section profiles ore surveyed during the fidd season. 

9-2. Preparations far on Aerioi Pholoflraph Preiect 

The most important preporarion for the field season is to detennine 
that photographs of suitable scale and quality are available (Section 

lU 
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5-1). These pbotogntpht must h&ve more then 50 percent end lap. 
Little side lap is necessary if the compilation can be controlled ad^ 
quatelyi otherwise, 30 percent side lap is desirable. IdeaDy, the photo* 
graphs should be tilted little if at all, but this caniwt be determined 
until points are surveyed on the ground. In any case, the compilation 
compensates for tilted pictures if enough control points are surveyed. 

Data on established ground control should be obtained well in ad¬ 
vance, and the photographs that have established control points on 
them should be listed. It will also be useful to determine the average 
scale of the photographs and to make a thorough pbotogoologic study 
of them before the field season. The control network can often be 
planned in detail when this is done. 

Equipment and supplies are listed in Appendix 1. and additional sug¬ 
gestions will be found in Chapters S and 7. The materials described 
in Section 9-6 should also be induded in field gear because the photo¬ 
graphs can often be prepared for the compilation while In the field. 

9-3. Moppins Oeelopic Features on Aerial Photographs 

Geologic mapping can be started at once in the field, typically long 
before the control survey. This great advantage is possible because 
the features plotted on a given photograph are based solely on the 
photographic image of that print Geologic features can be plotted by 
the methods described in SecthNU 5-5 through 5-10. A numbering 
system should be devised at once so that specimens collected during 
reconnaissance can be plotted and labeled in sequence with all sub¬ 
sequent collections. Prints that will be used for compilation must be 
handled with particular care because their surfaces should be smooth 
and unmarred. 

The unusually detailed images of some photographs may make it 
tempting to map far more detail than is justified by the project and the 
scale limitations of the final map. If the purpose of the project does 
not clearly delimit what should be mapped, the area should be recon- 
noitered thoroughly before beginning detailed mapping. 

9—4. Ground Control for Photograph Compiloliont 

The compilation must be based on control points that have been 
surveyed on the ground and marked precisely on the photographs. 
These points should be spaced closely enough so that three or four fall 
on each photograph. For photographs with scales of about 1 ;20.000, 
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this would space control stations 1 to 3 mi apart, distances that can be 
surveyed precisely with a traiuit or adequately, in many cases, with 
the alidade and plane table. 

Geologic mapping can be started without a controlled base, and 
therefore the control system can be plaimed and set up over a consld> 
erable period of time. The network can be planned tentatively by ex¬ 
amining the photographs before the field season, and possible station 
sites can then be checked and marked widi signals as geologic features 
are reconnoilered and mapped. Established control points, such as 
trlangulatwn statioQS, ben^ marks, and Bureau of Land Management 
Survey comers, should be located as each part of the area is mapped. 
Control points should be marked precisely on the photographs when 
they are visited, preferably by prlddng a small n^le hole through 
the print and labeling it on the back. 

If dw control is surveyed by plane table trianguUtion, it is ideal to 
set up the control sheet at an even scale that is close to the average 
scale of the photographs. A scale of 1:18,000, or 1 in. « 1,500 ft, is 
commonly suitaUe Where the control will be based on established 
trianguUtion stations, however, and where these stations will be plotted 
on tbe plane table sheet by geodetic ooordiitates, it may be preferable 
Id coitstruct the map at one of the standard scales used in coiutructing 
map grids, as 1:34.000. If large areas must be covered in a short 
time, tbe control can be intersected at a smaller scale than that of the 
photographs. Very large areas can be covered on one plane table 
sheet by using a large (24 x 31 ia) board. The following example 
illustrates how a large number of photograph points can be located 
rapidly if the basic framework of the control is strong. 

1. Established trianguUtion stations, as Miner, Dudley, and Brisk 
in Fig. B-1, are plotted on a plane tabU sheet; this may be done 
on tbe basis of their geodetic coordinates and a polyconic grid (Section 
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on the basis of their sute plane coordinates and a rectangular 
grid (Section 7-10), or simply by intersecting with a beam compass 
set at the interstation distances (Section 8-5). 

2. As the geologic mapping progresses, additional stations are lo¬ 
cated in the field and marked with tignak (as A. B, C, D, and £ in 
the figure). 

3. These supplementary stations are intersected from the ^tablished 
triangulation stations and, where neoecsary, by accesMry sights (C, 
for example, requires a ray from B for a strong location). 

4. As each of the stations is occupied, additional points are selected 
by comparing the photographs with the terrain. These points must be 
sharp and identifiable from at least three instrument stations. They 
will commonly be sharp peaks, forks of streams, road intersections, 
bouses, lone trees, and sharp indentations on the perimeters of irregular 
clearings or patches of brush. Enough points should be selected to 
that each photograph will include three or four. 

5. The survey is completed by drawing rays to each of these points 
and measuring vertical angles. Each ray is labeled clearly wi& the 
number used to identify it on a photograph. 

If established triangulation points are not available, the survey may 
be started with a base line, as described in Chapter 7. For many proj¬ 
ects, time can be saved if a base lixte as long as 1 or 2 mi is taped with 
moderate predsion. 

9-S. Surveying Crese-Sectien Lines for Photograph Compiletient 

Section-line surveys are made to measure accurate topographic pro¬ 
files and to make thorough observations and checks of the geologic 
features along them. If outcrops permit, these data sbouM be about 
twice as detailed and precise as that plotted throughout the area. 
Cross sections are especially important in aerial photograph projects, 
for the compiled planimetric map will not show the vertical dimension 
of geologic features. The exceptions are areas where there is little or 
DO relief or where rock units and structures are nearly vertical. The 
section lines must be chosen before the end oi the field season because 
the section profiles must be surveyed in the field. If their approximate 
positions can be selected before the control survey, the section lines 
can be controlled by this survey. 

If slopes are even for considerable distances and geologic features 
reasonably simple, a profile can be based on a few accurate locations 
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at breaks in slope. In Fig. 9-2, for example, the elevations and posi¬ 
tions of five key points oo the profile were determined by interse^on 
during the cootr^ survey for the map. After the main geologic fea¬ 
tures bad been nu^iped, the section lines were walked out and struc¬ 
tural details were i^ded. 

When the final map is compiled from data such as these, it may be 
found that the key points do not lie quite oo the final section line (be¬ 
cause of distortion within the photograph image). They should be 
dose enough to it, however, so that elevations along the line can be 
estimated closely by stereoscopic examination of the photographs. 

More involved section-line surveys must be made if slopes are un¬ 
even and geologic features so complex that elevations and positions are 
required at each contact or change in dip. These accessory elevations 
can commonly be measured by hand level traverses along the section 
line (Section 2-6) or by using a barometer (Section 4-4). The data 
may be plotted oo an acetate sheet placed over the photograph. If 
relief is so moderate that distances can be scaled diioctly fr^ the 



Us. s-a. SurvejHag a profile on ■ plan* 
table dteet by rcMctiag portUoiis along the 
Him ol lectSoe; X. Y, and Z are contsol 




MoJrm; a Cao^e Map frem AaWa/ ffiotogrgpht }59 

pbotographs, the cross section can be plotted directly in tbe field (pref¬ 
erably at about twice tbe scale of tbe photographs). 

Tbe alidade and plane table iboiild be us^ when an eepedaHy 
thorough survey Is needed. If signals are set up at each end of the 
section line, instrument stations along the line can be located by (1) 
setting tbe plane table up on the line, (2) orienting it by sighting to 
a signal on either end of the line, and (3) resecting the point by sitt¬ 
ing on any other signal (Fig. fi-3). Three-point methods and acces¬ 
sory traverses can be used where the view along the section line is 
obstructed. Details between plane table stations can be added by 
stadia methods, and notes and geologic features can he plotted directly 
on tbe plane table sheet. Each instrument station should be marked on 
a photograph when it is occupied. 

9-6. Rodiel Lirtc Compilation 

The radial tine method is used for photograph compilations when 
special photogrammetric equipment is iwt available. The method can 
used easily and accurately if the photographs are of good quality, 
if tbe relief is moderate, and if several ground control poinb are In¬ 
cluded on each print When relief is considerable and an occasional 
photograph is severely tilted, tbe compilation is more laborious and 
less accurate unless marty control points have been surveyed. 

The radial line method is based on the principle of intersection: a 
point can be located by drawing rays toward it frun two or more pre¬ 
viously located points. Figure (M illustrates the application of this 
principle to aerial photographs. If overlapping vertical photographs 
are taken at A and B, as shown in the perspective views, any one point 
on tbe ground, as C. will be in the cerdcal plane that includes the 



"a. S-4. Two overlapping photograph*, (bowing tb* vartleal plane* (hat inehida 
the eamera, the oanten cd the prints, and the tnage* of a point, C. la the draw¬ 
ing on tha rf^a. the poaitlon of C ha* been intertected placing a tranaparani 
omiay ovar each of the print* and drawing tha radial nyt A'C and B’C. 
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camera and the poM at the center of that photograph (points A' and 
S'). It must follow that C will lie on a line (a radUd line) that passes 
from the center of each print out through the image of C. This will 
be true regardleu of the relative elevation of points A', S', and C. If 
the center points <rf two overlapping photographs can be marked ac* 
curately on a traruparent overlay, any point such as C can be located 
by placing the overlay on the photographs and drawing the two rays 
A'C and B'C. This corrects photograph distances that would other¬ 
wise be modified by the effects of relief. The location of centers on the 
overlay and the orientadon of each print are achieved in part by the 
use of ground control and in part by the cocspUatlon methods de¬ 
scribed in the remaining secdons of this chapter. Briefly, the steps in 
the compilation are as follows: 

1. The oentes points and the points to be intersected are marked 
on the prints. 

2. The ground control points are plotted on a transparent overlay 
at a scale close to the average scale of the {sints. 

3. The center points of t^ photographs are located on the overlay 
by resecting from the plotted control points. 

4. The photograph points are intersected on the overlay by drawing 
radial lines from photograph centers. 

5. Geologic features, drainage, and culture are penciled on the over¬ 
lay by referring to the locations of photograph centers, intersected 
points, and control points. 

Material far the compilatieti. In addition to the instruments 
needed for plotting the control points on the overlay (Section 9-8), 
the following materials are needed; several bright-colored opaque inks, 
drop-drde compass, pendls ranging from 3B to 6H. file for pointing 
pencils, 19-iDch triangle, soft eraser, transparent sheet for overlay, dic¬ 
ing paper, black waterproof ink, and crow quill or other fine pens. 
The opaque inb can be prepared by mixing brightest red, green, or 
orange transparent inb with a tempera paint of the tame color. They 
must be mixed thinly enough so that they will flow readily from the 
pdnt of the compass, and they must also be opaque onou^ when dry 
to show dearly agaiiut either light or dark areas of a photograph. 

The transparent sheet must be large enough for the whole map and 
must be as strong and transparent as possible. Frosted plastic drawing 
stock and top quality water-resistant linen are suitable. The tradng 
paper should be exceedingly transparent 
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9-7. Morkirtg and Trantforrin^ Pholegraph Pointi 

Three kiods of points must be marked on the photographs before 
the compilation is started; (1) the control points loated by the ground 
survey, (2) the center pofrOs of the prints (as A' and B' in Fig. 9-4), 
and (3) various poss points, which are intersected by the radial line 
method aod are selected on the basis of their usefukots in compiling 
the map. Pass points are typically placed at stream intenections, sharp 
turns of contacts or other critical geologic features, or on features of 
the culture. In areas of high relief, almost every feature that must 
be plotted accurately on the map should be located by a pass point. 
In areas of low relief, only six pass points are needed on each photo¬ 
graph, and they should be located within the six circles shown in Fig. 
9-5. These six points must fall within the areas of side lap if photo¬ 
graphs do not include two or three ground control points. 

The various points can be marked on each photograph as follows: 

1. Locate the center point on each print by laying a straightedge 
against each set of coUtmation marks aod drawing a small cross with 
a sharp 3B pendl (Fig. 9-4A). 



K«. a-a. Steps ta merldng end tmufeniag csntert sad other pointi on prtoti. 
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2. Fill A drop-drcle compu* with opaque colored ink and set it to 
draw circles approxunately 0.2 in. in diameter. 

3. Select pass points within the central one third of ead) print, set 
the compass carefully on each point, and draw the circles (Fig. 9-66). 
Draw double circles at the needle boles that mark control poinU. 

4. Using an ick of a different color, draw a ciicle at esicb center point 

The points must now be transferred to all photographs on which they 
fall This can often be done by identifying the marked image on each 
adjacent photograph, placing the point of the compass exactly on it, 
and drawing a circle of the same size and color as that drawn around 
the original point If it is not certain that the transfers can be made 
accurately in this way, the following steps can be followed: 

1. Starting at c«e end of a flight line, obtain a stereoscopic image 
of the first stereo pair, using a magnifying stereoscope. The colored 
circles as wdl as the needle boles made by the compass will appear to 
be superimposed on tbe photographic image, although they are drawn 
on only one photograph. 

2. Looking into tbe stereoscope, place the point of the compass onto 
tbe unmarked photograph, exactly where tbe needle bole seems to lie. 
Look away for a moment to rest tbe eyes and then back again to be 
sure the compass is placed correctly. Draw a circle of the same size 
and color as that used on tbe marked print 

3. Put the compass to one side and examine the stereo image. If the 
transfer was made correctly, the two circles will merge and will appear 
to lie exactly at the earn* Isoel at the needle hole in the print. 

4. If tbe circle appears to float above tbe ground, quickly and gently 
wipe away the inked circle with i damp cloth and relocate it 

The last t>vo steps should also be used to d)eck circles transferred by 
inspection. When all transfers have been completed and checked, lay 
out tbe photographs to make sure that all points have been transferred. 
It is inconvenient to draw circles after tbe compilation has been started. 

9-6. PlettinQ Centrel »n Hie Overlay 

An overlay is prepared for the radial line compilation by plotting 
the ground control points on a transparent sheet. The scale of this 
overlay must be dose to the scale of the photographs if tracing methods 
are to be used to construct the map (Section 9-11). If prt^ection 
Rvetbods will be used, the scales of t^ overlay and photographs need 
not be tbe same. Tbe average scale of tbe photographs is determined 
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by layiag than out and meaniring some overall distance on them, as 
explained in Section 5-6. The distances determined by the control 
survey can be used for this. A scale of 1; 16,000 is useful for many 
plots because it is close to the scale of most photographs and provides 
an even scale of 1 in. s 1,500 ft for constructing the control plot 

The control points can be plotted by either the coordinate or the 
intersection methods described in Sections 7-11 and 8-5. They can 
also be traced from the plane table sheets used to intersect the control, 
provided the scale is suitable and the sheets have not been distorted 
since the field season. Each point should be pricked with a fine needle 
bole, which is then filled with blade ink and marked with a small tri¬ 
angle and the point number or letter. 

9^9. Compiling feints from Controlled fhotegrophi 

The radial litte method can be used quickly and precisely to compile 
a map from photographs that include three or more intersected control 
points. The photographs are first marked with radial rays that pass 
from the center out through the control points (Fig. 9-7A). This can 
be done either with a transparent triangle and a sharp 3B peodl, or, 
if the prints are so dark that the pencil lines cannot be seen through die 
overlay, with a ruling pan aitd partly opaque yellow ink. 

The compilation should be started at one cod of a flight line where 
reUef is moderate. The steps are as follows: 

1. Fasten the first photograph to a smooth surface with drafting tape 
and orient the overlay so eadi control point on the overlay lies exactly 
over the corresponding radial line on the print (Fig 9-7B). This will 
orient the photograph correctly unless the center falk oo the drde that 

through the control points used in the location (see Section 

8 - 11 ). 

2. Using a sharp hard pencil and a triangle, draw a small cross over 
the center of the photograph, then draw a line through the center of 
the cross and ov« the dicle marking the center transferred from the 
next photograph (Fig. 9-7C). 

3. With the overlay still in place, draw radial lines across each pass 
point of the underlying photograph (Fig. 9-7D). 

4. Tape down the next photograph and shift the overlay unUl the 
control points lie exactly over the radial lines drawn on the print, fust 
as in step 1. Draw a center cross and radial lines as in steps 2 and 3 
(Fig. ft-7E). Unless one of the photographs is severely tilted, the sec- 




Na. 9-7. Steps in ineildnf ndiel btMi tnd intarteebocu go tn avorlejr. Solid Uaej 
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ond photogrtph center should lie exactly on the center line drawn for 
the fint photograph. 

5. Tape down the third photograph and orient and mark the overlay 
as before. The radial lines to pass points that lie in the overlap area 
of tho first and second prints (as Af and N in Rg. 9-7F) should now 
make three-line intenectioai. 

6. Plot the other photographs of the flight strip by the same proc^ 
dure, and then plot adjoining flight strips. 

When completed, the overlay will show a series of flight fines with 
small crosses marking photograph centers and a large number of inter¬ 
secting rays that represent pass paints. Most detectable errors are 
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c«uted by Inexact plotting; however, if • photograph is severeiy tilted, 
its points wiU fall somewhat off the locations made by adjacent photo* 
graphs, and small triangles will be formed at three-ray intersections. 
If the surrounding prints are controlled adequately, the reason for this 
should be apparent, and the rays from the tilted photograph can be 
disregarded. 

9-tO. Compiling Points from Uncontrollod Photographs 

It is possible to use the radial line method for photographs that do 
not include enou^ control points to be oriented by the method just 
described. If the photographs do not combine severe tilt with high 
relief, the method will be reasoiubly precise. A single tilted photo¬ 
graph can throw an uncontrolled Sight line out of orientation, and the 
wing points and centers must then be adjusted by using adjacent flight 
lines. These adjustments may take as much time as intersecting coxv- 
trol points in the field; however, if the map need not be precise, they 
can be estimated quite readily. 

To start the compilation, all photographs with three or more control 
points are plotted on the overlay. The remainder of the compilation 
consists primarily of fllbng in between these anchor photographs. The 
photographs between the closest two controlled pictures should be 
compiled first, and the longest series of uncontrolled photographs last 

The photographs can be compiled as follows: 

1. Orient a photograph with three or more control points, using the 
procedure given in step 1, Section 9-8. 

2. Draw a cross at the center of the print and draw center lii>es across 
both transferred center drcles as well as acroes all pass points. 

3. On an adjacent print mark radial rays to the control points that 
fall in the overlap area of the controlled print. 

4. Tape the marked print down and place the overlay on it so that 
the center line lies over the center of the print and the control points 
lie over the radial lines drawn on the print (Fig. 9-8A). 

5. Draw the center line to the iMxt center and draw radial rays over 
all pass points (Fig 9-8B}. 

6. If the next photograph hu rm control poinb, draw radial rays 
through the two pass points Intersected in the last step (R and S in 
Fig. 9-4R). 

7. Tape this photograph down and shift the overlay until its center 
point lies under the center line on the overlay and the radial rays (to 
pass points A and S) lie under the intersections made on the overlay 
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(Fig. &-BC). If the overlay caoaot be oriented io the points and lines 
coincide, check the previous constructions carefully. Any remaining 
error is probably caused by dlt. and the poioU can usually be brought 
closer to colncideDoe by shifting the overlay slightly off the center 
points of the photograph or by twisting it slightly from the flight line 
orientatioD. Any residual errors should be adjtuted after the adjacent 
flight lines are plotted. 

& Draw the center line to the next photograph and all radial lines to 
pass points (Fig. 9-8D}. 

9. Prepare and use the next uncontrolled photograph as in steps 6, 
7, and 8, and continue until the compilation has gone halfway to the 
next controlled pbotograpbi then be^n the same procedure at this 
photograph, working back in the opposite direcdon. 

If there is appreciable disagreement where the two plots meet, they 
should not be adjusted until adjacent flight lines have been plotted, for 
well-controlled photographs in these lines may resolve the errors in the 
first line In Fig. 9-9, frtr example, a line of photographs started at 
center A can be brought into line at ceaten G u>d H by satisfying the 
pass-point intersectiODS / and K made on an adjacent controlled pair 
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of photographs. The corroctioa of these erron can often he facilitated 
by transferring the centers and intersected pass points of a given flight 
bne onto a SQ>arate strip of tracing paper. The strip is then shifted 
on the overlay until its pass points are brought into coincidence with 
those intersected on the adjacent flight strip. In some cases, the flight 
line on the overlay will clearly binge out of orientation at one photo- 
graph; in other cases, the erron of the plot will be so complex that they 
must be corrected by trial-and-error approximations. 

9—11. Compiling Photograph Data 

The control points, center points, and pass points plotted on the over¬ 
lay can now be used as a ba^ for transferring geologic features, drain¬ 
age, and culture from the photographs to the overlay. The pencil rays 
and photograph numben on the overby should be erased and the 
points marked permanently in ink, or the positions of the points should 
be traced on a fresh overby. The compilation will be facilitated if 
small ink circles are drawn around pass points, small triangles drawn 
around control points, and mosses drawn at center points. This should 
be done with a blue transparent ink that will not be photographed or 
printed when the final map is reproduced. The final overby sheet mutt 
be strong enough to withstand considerable erasing, and pendb used 
on it must be soft enou^ (typically IH to 3H) so they do not crease it 

Some photographs have such weak contrast or su^ strong vegeta¬ 
tion patterns that it is necessary to use a stereoscope to tee their drain* 
age lines and ridge lines. These lines must be delineated on the photo¬ 
graphs before they can be transferred, as by marking them with yellow 
or orange ink. It b easiest to delineate streams by placing photographs 
in reverse order uiKler the stereoscope, because the peculiar appearance 
of the pseudoscopic image makes streams very apparent 
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The trensferrlng should be st&rted where relief is low and where 
photographs have scales oearly the same as the scale of the overlay. 
When the overlay is oriented over one of these photographs, the center 
point and nearby pass points should so nearly coincide with the marks 
on the overlay that the features in the central part of the photograph 
can be traced directly onto the overlay. In cases where the scales 
differ moderately, the transfer can be started by placing the overlay at 
the photograph center atKl drawing the features immediately around 
this point Then the overlay can be shifted so as to coincide with the 
nearest pass point. After the features around this point are drawn, 
it is shifted again to the next pass point, and ao on. The features be¬ 
tween these small areas can be completed by shifting the overlay 
pcogreisivaly from one register to another; for example, the features 
halfway betvreen two points are drawn when the overlay is set as 
shown in Fig. 9-lOA. Features that do not He between two points 
can be drawn by placing the overlay so as to satisfy the spacing of 
three points (Fig. d-lOB). If the three points are at about the same 
elevation, this can be done predsety by drawing three rays toward the 
feature t«ing trarksferred. If their elevations differ considerably (and 
espedaDy if they lie well to one side of the center of the photograph), 
the amount and direction of offset caused by relief must be estimated 
(Section 5-3). 

Tnmsferring features from photographs with little relief simply re¬ 
quires enlarging or redudng the photograph features to the scale of 
the overhy. Adjustable sketdunasten aitd reflecting projectors can 
be used to do this rapidly and accurately. Simple enlargement or re¬ 
duction, however, will not be suitable for areas with considerable re¬ 
lief. Patient comparisons must then be made between the points and 
the topography, and it is necessary to use a stereoscope to check the 
transfears. If streams and ridge lines have been transferred in detail. 






Kf. f-ia Podbocs of Qverky points (loM drctes) rektiva to pbotofraph points 
{dwbwl ckcles) In tnndenlot a straam hom print to ovarlay. 



169 


Making a Gaohgic Map from Aatial Phaiagrapht 

geologic features can sofuetimes be added accurately by examining 
the photographs stereoscopicaDy and transferring by estimation. 

Tronsfarring symlwfs. It b usually easiest to plot structure symbok 
after drainage, culture, and geologic lines have been completed. The 
symbok can be plotted directly with a protractor if the strike direction 
has been lettered on the beck of the prints or in the notes. If thk 
system has not been xised, the overlay must first be oriented over the 
photograph so that its true north direction is parallel to the tMTth 
arrow on the photograph. The overlay is then shifted from orse symbol 
to the next, in this same orientation, and each symbol is traced onto it. 

9-13. Checking the Mop and Drawing Croat Seetient 

The principal |ob in completiDg the map is to cbedc the first pend! 
compilatiOD carefully against the photographs; this should be done 
before the cross sections are compiled. It is best to do the checking 
with a stereoscope, woridng systematically through one flight line at 
a time. The major lines and features will already be diavm accurately, 
but much detail can generally be added. This is an important step 
since detaik of the drainage and culture will give other geologkts their 
only means of locating geobgic features b the field. The pendl draft 
and cross sections should be completed before either are inked. Sug¬ 
gestions for the final drafting are given in Section 11-10. 
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Detailed Mapping and Sampling 


lO-Y. 6«n«r«l Natuf* of D« 1 ail»d StvdlM 

Detailed geologic itudies usually require one or more of the foUow* 
ing operatioas: topographic and geologic mapping at scales larger than 
1 in. B 200 ft; cleaning or excavating of exposures; drllllngj mapping 
of underground worldngi; and extensive sampling. Generally, these 
operatioQi can be used to advantage wherever geologic features must 
be studied in a thorou^ quantitative way. They are commonly 
used in economic studies, for example, to improve the quarrying of a 
gypsum body or the underground mining of a coal seam or copper de* 
posit In addition to their economic uses, however, they may sdso 
solve a great variety of noneconomic problems, such as the origin of 
a complex igneous body, the degree of alteradra around an intrusion, 
or the effects of deformation on a sandstone. Because they are costly 
and time fy^naiming j these operations are done only after preliminary 
studies have shown they are Justified. 

The regional geologic setting of local studies should be worked out 
thorough^; otherwise the significance of many rock units or struc¬ 
tures mi^t be overlooked. The magnitude and age of most faults, 
for instance, cannot be determined from maps of small areas alone. 
Two kinds of preliminary studies should be considered: (1) regional 
reconnaissance of rock units and itruchires axKl (2) mapping at inter¬ 
mediate scales (1:24,000 to 1:62,500) around the area of specific in¬ 
terest. The first study defines the areas or features that should be 
covered by the second; together the two indicate which operatioos 
should be used in the final local study. 

The local study itself should be started with mapping, tor drilling, 
excavating, and sampling cannot be planned effectively until detailed 
surface and underground maps are well underway. Excavating and 
drilling should be overseen directly by the geologist or geologist-en¬ 
gineer lest critical relations are destroyed before he sees them. Be¬ 
sides insuring that he receives data promptly, this can increase the 
effectiveness, or reduce the cost, of a given program accordingly. The 
geologist or engineer should also supervise the sampling to make sure 
the samples wiO be as meaningful as possible. 
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10-2. OvfailMl Suifae* Maps and $«ctions 

Detailed atudies generally reqxiire topographic and geologic maps 
with scales of 1 Id. b 200 ft to 1 in. ■ 10 or 20 ft. These maps are 
most useful if they are outcrop maps (Section 4-8). Excavating and 
drilling, for example, can be plazmed most effectively from outcrop 
maps, on which facts are clearly separated from infer^ or proiected 
relations. 

Although the mapping methods described in Chapters 7 and 8 can 
be used for some pro)ects, more precise methods may be needed. Con* 
trol points must be numerous and accurate enough to give exact tie*iai 
with property lines, and control surveys of mining properties mxist 
relate underground and surface workings precisely. For properties 
that vnll be worked for some time, it is desirable to set up a coordinate 
system and stake out coordinate points with a transit and tape. Doing 
so permits accurate resetting of stakes removed during development. 
For both legal and geological reasons, several control poinb sht^d be 
placed permanently enough to be reoccupied years later. A permanent 
marker can be made by cementing a brass bar or plate into a solid rock 
outcrop. 

All geological features that might conceivably be useful should be 
plotted. Stratigraphic details that might be used for correlations are 
especially important A single layer of chert nodules in a limestone, 
for example, may be valuable in later correlations with subsurface 
vrorkings. Kinds and intensities of weathering and other alterations 
are pertinent to many projects, as are lithologic characteristics that 
affect the strength of ro^. The distribution of joints and broken or 
partially sheared rode Is espedally critical to most engmeering studies, 
joints are commonly plotted individually at sites for dams or other 
heavy construction, and special notation is given to fractures that are 
open or that bear altered or broken rode. 

Contours that must be located within a foot or two of their true posi¬ 
tion on the ground can be mapped by walking out level lines, rather 
than by Interpolating between scattered elevations (Section ^13). 
If contours must be l^ted more precisely in some places than others, 
their relative reliability can be shown by using solid lines for accurate 
ones and dashed lines for sketched ones. In economic studies, dumps 
should be contoured in ervough detail so their volumes can be com¬ 
puted accurately. Most man-made features should be plotted to 
scale, and if the area is to be trenched or drilled, buried pipelines and 
powerliiMS should also be shown. 
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A Iftrge (24 X 31 In.) plane table board ii desirable for many 
projects, although It b cumbersome in rough tenain. Plane table 
sheets should be waterproof and strong enough to take repeated era¬ 
sures (Section &-8). Stadia sights in detailed surveys are usually short; 
thus they can be made easily with a surveyor’s leveling rod, which 
can be read directly to hundredths of a foot. 

Oofotfed verticof sections. In many mining and construction proj* 
eots, it may be useful to plot steep, large cuts as vertical cross sections. 
This can \)0 done directly on a plane table by constructing a vertical 
projection (Pig 10-1). If the slope is too steep for stadia measure¬ 
ments, vertical angles can be used to compute vertical distances. If 
this method is too slow to use at a working face, as during rapid 
quarrying or excavation, an enlarged photograph can be used as a 
base on which to plot contacts, depths of overburden, and locations of 
samples. Dimensions can be scaled or estimated from the print if the 
distames between a few key points on the photograph are measured 
on the ground. To be precise, however, these measurements must 
take into account the ditiances between the points and the camera 
(seeMoffitt, 1669). 

10-3. Cleaning, Exeoveting, and Drilling 

If the outcrop map shows that exposures are not adequate to de¬ 
lineate critical features or to sample efficiently, excavating or drilling 
may be neoessary. Trenching at right an^es to the strike is particu¬ 
larly effective for uncovering steeply dipping planar structures, as a 
contact, a thin bed, or a vein. Pits can generally be carried to greater 
depths and are better suited for measuring ot sampling gently dipping 
beds or veins, or unstratified igneous bodies. Large-scale cleaning 
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and excavating are uruaUy done with a bulldozer or mechanized ditch- 
digger. Thin soil aikd overburden can be hoeed off if water under high 
pressure if available. When funds do not permit these large-scale 
methods, trenching with a pick and shovel may be very effective. Even 
in the most modest projects, contacts covered by thin soil can be 
exposed quickly with a fokliog entrenching tool (Fig. 10-2). 

Driffing. Drills can be used to determine the position of geologic 
structures, to measure substtrface units, and to sample rocks and ores. 

drills, especially diamond drills, are particularly useful for drilling 
long distances in hard rodcs. The diamond drill consists of a tube with 
small diamonds mounted in the bit end. As the drill is rotated, it cuts 
a cylindrical core of rock, unless the rock is so fractured or friable that 
It crumbles. Some dtiUs are piiUed from the hole after each 6 or 10 ft 
have been drilled, and the core is removed and placed in a core box. 
Other kinds of drills permit longer intervals to be cored. As the core 
is examined, all roda. ores, and geologic structures should be described 
in a log of the hole (Section 12-10). Vtliere rocks are so friable or 
fractured that no core is recovered, the log can be augmented in part 
by records of the rate of drilling and water loss in the uncored interval 
lie finely ground sludge from the drill hole should be sieved, deaned, 
and examined microscopically to identify the uncored rocks. The 
sludge is abo collected to assays. 

The diamond drill can be pointed in almost any direction and used 
either underground or on the surface. Occasionally, however, long 
boles are deflected appredably from their initial directioo, especially 
where they cross bedding or other structures obliqudy. It is then 
necessary to survey the course of the bole with especially designed 
equipment (Collins, 1946; McKinstry, 1946). 

Other drills may be used where materials are soft, where drilling 
distances are short, or where geological targets are simple. Hand- or 
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macbln»-driveo augm will often get adequate samples of surficial 
or soft rocks. Mixrers' hammer drills aod other percussion drilb can 
be used in harder rodcs {Jadcscn aod Knaebel, 1932). Methods of 
logging dril) boles by examining disaggregated or pulverized rock 
are the same as those used for well cuttings (Section 1^10). 

19-4. Underground Mopping 

Minas aird tunneb can provide excepdonally fresh and complete 
exposures of rocks, ores, and structures; they should therefore be 
mapped regardless of whether the study b an economic one. Permis* 
siOD must first be obtained to enter and work on a property. If the 
property b not being worked, infonnttion on available maps aod the 
safety with vdxich workings can be entered should be obtained from 
an owner or lessee. When thb b not possible, informatioD can some* 
times be gained from publicatloos or state and county records. Abao* 
doned and uodescribed workings can often be entered safely if one b 
aocompanied by someoiM experienced in mining. 

In addition to ordinary field equipment, the following items are 
needed for underground mapping: 

1. A bard hat and attached carbide or electric lamp. 

2. A map case to bold 8H X U in. sheets, as the aluminum clip 
folder described in Section 1-3; thb will be more serviceable if a 
leather pencil bolder b riveted to an outside face. 

3. A 100>foot cloth tape of good quality. 

4. Adequately warm and waterproof boots and dothing that will 
not get in the way when climbing through narrow openings. 

Gear should be carried so one’s hands can be completely free. Be- 
ceuse a large beck-pack b likely to be cumbersome, most of the 
equipment should be hung from the belt or placed inside the shirt; a 
hunter's vest or jacket with a large inside pocket can be used for 
carrying samples. 

Where mine maps are available, 8 X 10 in. work sheets that will 
cover the workings piece by piece should be prepared. The scale of 
them maps b typically lin. •20ft.lin.s40ft,orlin. nSOft. 
They should be traced directly in pencil or ink from up-to-date master 
maps. Wet workings should be antidpated by luing plastic or vellum 
sheets, preferably ruled with a 1-inch grid. Coordinate lines and num¬ 
bers should be entered on the work sheets. If there are no coordinates, 
a north-south and east-west grid can be numbered and carried from 
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one sheet to the next so that sheets can be connected readily without 
the office map. Transit survey points will be used for measurements 
underground and must therefore be traced precisely. Finally, each 
sheet should show the name of the workings, the scale, and the names 
of the geologists. A typical work sheet is shown in Fig. 10-3; the sym¬ 
bols used are explained in Appendix 4 

The following terms, whidi are often used on work sheets, should 
be understood before going underground: 

She/S—relatively narrow working excavated from the surface; it may 
be vertical or inclined. 

Raise—narrow vertical or inclined working excavated upward from 
underground. 

VFinze—itarrow vertical or inclined working excavated downward 
from underground. 

Leoef—groups of tunnel-like workings that Ue ^iproximatety the 
same distance below the surface in a given mine. 

Adit—tunnel-like entrance to a mine. 

Dri/f—tunnel-like woricing along a vein. 

Crosjcuf-tunnel-like working that intersects a vela 

Sfope—an underground working from which ore has been extracted, 
either above (overhand) or below (underhand) a level. 

Bock—ceiling of a working. 

Pace or breast—wall at the end of a working. 
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Before mappiog starts, the workings should be reconnoitered to de> 
terroine (1) the general nature of the rock units, the ore, and the 
principal structures, (2) bow much the walls must be cleaned, and 
(3) the accessibility of old workings. Survey data applying to stopes 
and other irregular or partly filled openings iboutd be drawn on the 
work sheets or on separate vertical sectionj. Assay maps should also 
be studied. 

It is advantageous to start mapping where rocks are fresh and 
structurally unoomplicated. A hundred feet or so of walls are ex- 
amiited fint If they are dirty, it is necessary to scrub them with a 
brush and water or to chip them at closely spaced intervals with a 
hammer. The types of ro^, ores, and alterations are plotted on die 
work sheet, other with pencil patterns or colors (Fig 10-4). Con¬ 
tacts, faults, and other structuree are shown by the usual symbob. 
Mining geologists often use green for faults and red for ore. Where 
planar structures can be traced bom one side of a worldng to the 
other, tbeii strike can be found by standing with one’s back against 
the plane in one waD and sighting a level compass line to the same 
plane on the other wall Many strikes and dips can also be measured 
by method I of Section 2-7. 



Hi. la-c Work sheet, dwwint plotted geologfc fwturet aad bri^ notes. A fiat- 
lying dike hat bewi plotted in an ec c ewoey veitlcel lectioe at upper rl^. 




I 


DHalltd Mapping and Sampting 


177 



fi(. lO-s. Work ihwt. tbowUic eton Mctioo of rai**. 


Features are located on the map by the procedures used In all 
tape traverses. The mearurements should be based as much as pos¬ 
sible on established transit traverse points. These points are generally 
marked by numbered brass buttons (spods) in wo^en wedges driven 
into the back or wall The positions plotted on the map should refer 
to one datum level within a given working; this is commonly taken 
as 3^ ft (‘waist height') above the track level. Structures that do 
not intersect this level (for example, flat faults exposed near the back) 
must be shown in cross sections or described in an accessMy note 
that gives the elevation above the datum. These entries should be 
made directly on the work sheets (Fig. 10-4). Many accessory meas¬ 
urements may be needed to show the details of sinuous or irregular 
contacts or faults. Folds are shown as horizontal projections of beds 
in the datum plane, with plunges plotted as usual Bifurcating faults 
should be dieted carefully to determine whether one cuts the other 
or whether they are branches of one fault. Plotting should be done 
underground, where continuity of structures and units can be checked 
at once. 

When walls of workings are generalized or incomplete, they should 
be redrawn to flt important geologic features. Features in raises, 
winzes, and shafts can be plotted on accessory cross sections inserted 
in blank areas of the work sheets (Fig 10-5). Sections of inclined 
workmgs can be drawn readily by u^g the bearing and inclination of 
the ladder that lies along the footwall, and then measuring distances 
up the ladder to geologic features. Only the approzimate outlines of 
stopes are generally shown on mine maps, though the stopes may be 
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(ocUned or irreguUr and extend throu^ lexge vertical diftances. If 
powible, they should be plotted as a aeries of cross sections and 
horizontal sections. Data oo inaccessible stopes can often be obteined 
from the mine engineer or miners. 

If there are no mine maps, walls and geologic features must be 
mapped concurrently. Wherever possible the traverses should be 
controlled by trarult-travene points, If this cannot be done, the tape* 
compass traverse method described in Section 3-5 should be uMd, for 
magnetic disturbances In most mines are considerable. Horizontal 
anglm in level or gently inclined workings may also be turned with a 
peep*sight abdade and traverse board. Differences in elevation can 
be determined with a band level and cUnometer (Sections 2-5 and 
2 ^). 

Sofety. The foreman or manager of a property should be consulted 
regarding the mining methods, schedule of blasting, signals for hoist* 
ing men and ore, and rules for safety. Carelessness underground can 
cause serious accidents. most common dangers are those of 
dislodging a loose blodc from the back or sending a dup flying into 
ti)6 eye (safety glasses are recommended). Traverse stations should 
never be taken at the bottoms of ore dkutes or in places where moving 
trains or skips may be a danger. Old ladders should be tried with 
caution, for rotted timbers may appear stronger than they are. The 
air in unventilated worldogs should be tested for carbon dioxide with 
a match or carbide lamp (dte flame will turn orange and smoke if 
oxygen is scarce). For the safety of others, tracks and walkways 
should be cleared at once of debris knocked from the walls or back. 

10-5. Sampling 

The kinds and numbers of samples needed will vary greatly with 
the purpose of a project and its geological situation. Flans for sampling 
should be based as much at possible on knowledge of sampling plans 
used elsewhere on similar deposits. Examples of such sampling 
plans are given by Parks (1040), Jaduon and Knaebel (1932), Pitcher 
and Sinha (1968), Grout (19^), and Shaw (1956). Alternate 
sampling plans can be evaluated statistically to determine which is 
likely to give the information needed with least effort and expeiue. 
Statistical methods should also be used when determining the sig¬ 
nificance of sample data. Methods of statistical evaluatioo are de¬ 
scribed by Dixon and Massey (1951), Hoel (1960), and Wallis and 
Roberts (1956). 
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Spot $ampla$. Spot samples ore siogle, relatively small specimens, 
for example, the hand specimens used to identify and interpret rocks 
during mapping. WeU*chosen spot samples assist in gaining an un- 
dentanding of geologic events and in laying plans for more thorough 
sampling. Unhke the raodmn samples used for some purpoees, spot 
samples should be selected at particular places to answer specific ques* 
tions. General suggestions for eoUectmg spot samples are: 

1. Collect samples that are truly representative of the units being 
studied. 

2. Collect at contacts or where structural and stratigraphic rdations 
can best be determined. 

3. Collect oriented samples where directional relations may be 
important 

4. Collect where new textures or small-scale structures are super¬ 
imposed on older ones. 

5. Collect hush materials if possible, but do not slight Important 
rocks because they are weathered. 

Ta$ling hypofiieses whh serial samples. Several samples collected 
in one or more series can often be used to test given hypotheses. The 
contact between two igneous rodcs, for example, mi^t show grada¬ 
tions suggesting emplacement of one magma against another; critical 
mineral reactions In the gradation could be test^ by series of samples 
extending across the contact xone. Serial samples might also be used 
to detennme changes in a soil profile, to study the differences between 
adjacent rich and lean segments of an ore body, or to compare com¬ 
positions within graded beds. Because the samples ere cdlected to 
test and augment existing evidence, they should be selected after 
comprehensive examination of outcrops. They will generally be con¬ 
nected on the basis of some known or hi^y probable structural rela¬ 
tionship: nonetheless, the collector must guard lest ha his seleo 
tions. Because the numbers of samples must always be limited, the 
samples should be distributed to give the maximum amount of in¬ 
formation. Where a local, thorough picture of variations is required, 
the samples should be concentrated on a few travenes across the 
sample unit Generally, however, it is preferable to collect a few 
samples from each of many traverses across the unit, for the latenl as 
well as the vertical variations may then be estimated. Flinn (1960) 
has evaluated several serial sampling plans statistically. 

Sompllnp fe find vorlofloAS. When heterogeneity is obscure, or 
when it does not show clear geographic trends, samples can be used 
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to detormixM if there are dgniBcant variatiocs within a unit. Grain 
sizes in a saodstooe, for example, may seem to vary sporadicany at 
scattered localities, yet it may be important for petroleum or ground¬ 
water exploratioD to determine if there are regional trends in these 
vaiiatioiu. Such problems require sampling on both regional and 
local levels, for the significance of regkmal variations can be under¬ 
stood only when the degree of local variation has been eetablished. 
Some units are so homogeneous at each outcrop, and within any one- 
acre area, that small regional variations can be established with great 
confidence. In other units, local heterogeneity is so great that malor 
regional variations can be detected only by using large numbers of 
samples. The sampling plan used in such studies must insure that 
samples will be select^ randomlyi otherwise statistical evaluations 
will not be valid. These requirements are met by the general method 
called nested tompUng. This method is illustrated by the example 
given in Fig 10-6, which shows the linear outcrop of a rock unit The 
outcrop line has been divided into malor and minor segments, which 
form ^ basis for sampling Sample localities are marked in all (or 
most) makv segments by randomly selecting two minor segment 
poinb. Two samples are collected at all (or most) localities. If rock 
cannot be exposed at a given point, the nearest possible site b used. 
After the samples have been analyzed for whatever data may be useful, 
the data are evaluated statiftically. Knunbein and Tukey (1956) have 
described bow several kinds of data can be evaluated simultaneously; 
they have also described examples of several kinds of nested sampling 
plans. 

Sampling far bulk cempos/tion. Bulk composition of a body is de¬ 
termined by collecting enough small, random samples so that their 
average closely approaches the composition of the entire body. If 
the body is fine-graiited and homogeneous, only <ne small sample is 
needed. If it is heterogeneous, the number of samples needed in¬ 
creases rapidly with the degree of heterogeneity. The bulk composition 
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of many bodies can be determined only within broad limits; thus the 
limits allowable for a given study should be considered at the outset 
The precision of the analytical methods that will be used should alw 
be considered (see Ahrens, 1900; Fairbaim et aL, 1951). 

To keep to a minimum the number of samples anal^ed, the body 
should first be evaluated by comparisons with other sampled bodies. 
Samples must be distributed so as to provide a statistically valid 
(random) measure of the entire body; they could, for example, be 
spaced evenly on the horizontal coordinates and leveli of a mine or 
at intersections of a rectangular grid on the surface. Materials must 
be collected as closely as possible to the prescribed points. If they 
must be distributed urtevenly, it is necessary to weight each sample 
according to the distances fnm adjacent samples (Parks, 1949, ch. 4). 

The number of samples analyzed can sometimes be minimized l^ 
collecting the samples in several groups, each distributed evenly over 
the body (Fig. 10-7). One group of samples is analyzed first, and 
their average compositioo (mean) and some measure of the degree 
to whidi they differ (as their stan^d deviation) are computed. The 
standard deviation will show the approximate rdiability of the average 
composition. If the average is too indefinite, a second group of samples 
Is analyzed and a new to^ mean and standard deviation computed. 
This procedure is repeated until the overall mean can be shown to 
lie within limits that are small enough to satisfy the purpose of the 
project 

Sampling far dialributian of compesifieiis. When a large niunber 
of samples can be used, it may be possible to determine the distribu- 
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tion of oompositioQs or values within a body. This is often done in 
mines to locate bi^-grade trends or ’’shoots* of ore. The method may 
also be used to help deteimine the causes of compositional variadoos 
within rock bodies. The samples may be collected on the same plans 
as those used for determining bulk composition; however, it is now 
necessary to collect them so that the bulk composition at each locality 
is represented reliably. If a bed or vein is homogeneous from top 
to bottom, only one small sample is needed from each locality, and 
lateral variatioos within the body can be determined with great exact¬ 
ness. In the usual case, however, the bed or vein will be variable in 
any single seetkm, and sufficient material must be collected to give 
a reliable average at that particular place. The greater the variations, 
the more thoroughly each section must be sampled. Where variations 
are extreme, it may be necessary to cut a channel of constant width 
and depth across the unit (Fig. 10-8A). This is commonly done for 
heterogeneous ore vetnt. Where variations are moderate or are re¬ 
stricted to comparatively few components, a representative sample 
can be obtained by taking chips spaced at a pr^etermined inter^ 
(Fig. Id-SB). This will be a random sample across the unit at that 
place. Finally, where a few homogeneous subunits constitute the total 
unit, specimens may be taken from each subunit (Fig. 10-^C). Each 
specimen of these stratified samples must be weighted according to 
the thickness of the subunit from which it came. 

Before beginning sampling, it may be advantageoiu to test the de¬ 
gree of heterogeneity within several sections of the unit. This can 
be done by ooUectiog channel, chip, and stratified ssunples of typical 
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sections and comparing analyses made from tfaem. The cheapest or 
easiest method of obtaining adequate samples can thoi be chosen. 

5omp//n9 merheds. Surfaces should be cleaned befcm cutting or 
chipping samples. Even fresh-appearing materials can change ap¬ 
preciably if exposed for some time underground or on the surface. 
Charmels are genendly made 1 ul deep and 2 to 4 in. across. If the 
rock is hard, the channels mutt be cut with a hammer weighing 2 to 
3 lb and either a cold chisel or moil (a piece of drill steel pointed at 
one end). 

Sample localities should be plotted on maps or aectkms and de¬ 
scribed fully in the notes, with a drawing showing the dimensions and 
character of the unit sampled. The source arid number of the sample 
should bo marked clearly on the outcrop so that the outcrop can be 
resampled if necessary. The sample should be placed In a dust-proof 
bag that is labeled clearly. The samples may also be registered in a 
sample book that is numbered in duplicate with the sample numbers. 
Samples collected In bulk, as charmel or chip samples, are crushed and 
divided into smaller portions for analysis and storage. This division 
should, if possible, be made with a mechanical splitter. 

Has at tamplas. Sample data can be biased and therefore mis¬ 
leading if specifications for sampling are not followed closely. Chan¬ 
nels cut across irregular surfaces must be collected or weighted so as 
to represent the average across the unit (Fig. 10-0). Channel samples 
must not include fragments from outside the prescribed limits, and 
chip samples must be collected at the predetermined interval, regard- 
lees of spectacular materials that do not lie at an interval point. 



Hi. la-e. Diaanmnutic (ection tkroiigh a worldac with unavan wall*, showing 
wh)' some part* of a chaBoel Mnple hav* (o bo welghtod relativo to other parts 
(comparo tegDMnli« and b). 
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If only fresh rocki are coUected, the bulk will be biased against 
rocks ooDtaining unstable minerals, and if only outcn^ are sampled, 
the bulk will be biased relative to weak rocks. A particularly large 
error can occur when diamond drill holes are samplW only from the 
core rather than from the core, fragmental materials, and sludge. 

Bias can also be introduced by modifying samples after they are 
collected. Pcssibllitiei for fraud in mine sampling are manifold; some 
examples are described by Hoover (1945). 
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11-1. Central Noturt af Otologic Rtport* 

A complete, well^writteo report is »n crtremely Important part of a 
geologic profect; without it. the best po»ible field study will be of little 
value to other persou. The general nature of the report will depend on 
the nature of the project Some reports are general descriptions of 
relatively unknown areas; many othm are more detailed accounts of 
certain rock associations or economic deposits; still others are recom¬ 
mendations regarding engineering structures, land management, or 
exploration for mineral commodities. To fulfil its purpose, each report 
will differ somewhat in organixation. length, and style. Regardless of 
special emphasis, however, the basic purposes of a report are (1) 
to describe accurately what has been observed and (2) to synthesize 
and explain geologic relationships and events. The descriptive parts 
of the report should be as complete yet as concise as possible. In most 
cases this requires maximum use of maps, sections, tables, and graphs. 
These illustrations are often so important that they should ^ pre¬ 
pared first and the report written around them. 

The explanation or conclusions of the report must be synthesized 
directly from facts; they should itot merely exprees the writer's point 
of view. By presenting bis data without bias of opinion, the writer 
acknowledges that some readers may arrive at somewhat different 
condusions than bis own. The intrinsic value of a report therefore 
depends mainly on the field study it describes. Its usefulness, however, 
can be increased by careful organization, clear writing, and well- 
thought-out illustrations. 

11-2. Organising and Starting the Report 

The report should be organized and started in the field or as soon 
after the field season as possible. The first complete draft must be 
finished in an office where there are drafting and library facilities and 
where fossils, rocks, and minerals can be identified exactly. If pos¬ 
sible, the map and other detailed illustrations should be prqNired 
before the report is written. Most literature will have been read before 
and during the field season, but pertinent items should be reread be¬ 
tas 
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for« writing the report F^kl notes should be paginated in chronologi¬ 
cal order and then reviewed systematical!)'. Scene geologists find it 
useful to reshuffie or cut note pages so that all items pertaining to a 
ccstain part of the report are brought together; others prefer to leave 
their notes intact and to make lists ot card files of items pertaining to 
paitioular sections of the report 

The main dividoos of the report should be set down first, and then 
its subdivisions and details fiU^ in in outline form. The outline that 
follows presents the main parts and principal subdivisions of a typical 
geologic report 

1. Intioductioo. 

a. Purpose of project, including review or explanation of any 
specific problems. 

b. Dales and general procedure of the project. 

c. Admowledgments ^ help received 

d Geographic setting. 

1. Location (a small index map will generally suffice). 

2. Accessibility, if not obvious from maps. 

3. Nature and distribution of principal geographic features. 

4. Vegetation, climate, and lai^ use (generally stated briefly), 
n. Regional geologic setting. 

o. Nature and distribution of principal rock systems, series, or 
formations. 

b. Major structures, in chronological order wherever possible. 

c. Summary of regional geologic history, if appropriate, 
in. Rode units. 

a. Introduction to the general nature, thickness, and grouping 
of the stratigraphic sequence, including brief descriptions of 
general stratigraphic problems, if any. 

b. Systematic desmiptioD of rodr unib, starting with oldest 

1. Nomenclature (explanation of name used for unit, with ref¬ 
erence to past usage). 

2. General lithology, distribution, shape, and thickness of unit 

3. Detailed description of lithology, including lateral variations. 

4. Definition of contacb, if not included in lithology. 

5. Fossils, if any. 

9. Age and origin of unit 
IV. Structures. 

0 . Brief inboductory description of trends and interrelations of 
principal structural features. 
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b. Unconfonnities (unless described adequately under rode 
units). 

c. Folds, in order of importance or age. or both. 

d. Faults, as in order for folds, including peitineol relationships 
to folds or other structures. 

9. Structures fonned in and around intrusive bodies. 

V. Ceomorpbobgy. 

o. Descriptions of older erosion surfaces and other modified fea¬ 
tures. 

b. Present erosion surfaces, stream patterns, and erosive processes. 

c. Interpretation of structural or climatic changes shown by land 
forms. 

VI. Geologic history: chronologic interpretation of processes, struc¬ 
tural events, and paleogeography. 

The introductory sections should pertain directly to the main sub¬ 
ject Gbmate, vegetation, and land use can usually be described ade¬ 
quately in a few sentences, unless the region is especially remote or 
the report is concerned chiefly with economics. Descriptions of geo¬ 
graphic features can be k^t concise and clear by including a page- 
size map of the region. Special Add or laboratory methods should be 
describ^ in an additional section of the introduction, and another 
section may be needed to define important terms whose usage is not 
widely standardized. 

The section on regional geology provides an important framework 
for the detailed descriptions of the report This is a section that will 
require a thorough winnowing of the literature. When items unsup¬ 
ported by adequate data are used, their source and probable reliability 
mtist be noted. A separate section presenting a chronological review 
of geologic work done in or near the area may be added in some cases, 
but a critical evaluation of important contributions is generally pre¬ 
ferred. A page-size map showing the main geologic features of the 
region is always helpful, and it may be combined with the geographic 
map used lo the introduction. When the main body of the report is 
completed, major structures and rock units should be reviewed to de¬ 
termine whethCT they correlate accurately with the descriptions of the 
regional geology. 

Large numbers of rock units that cover a considerable span of 
geologic time can be organized on the basis of systems or combinations 
of systems. Accordingly, metamorphic rocks should be presented in 
the order of their premetamorphic age. Intrusive Igneous rodcs are 
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bert presented in chronologic order with all the other rocks, although 
they may be described in a separate lection. Rock units that are 
formalized for the first time by the use of a geographic name must 
be defined according to accepted rules (lee Sections 11-4 and 12-2). 

For all but the simplest areas, the section on structure must be or¬ 
ganized with special care to describe both the individual features and 
their interrelationships. This may require using a different order than 
that shown in the outline, for example, a strict chronologic order may 
be better in some cases. Data shown clearly on the geologic map 
need not be described at length in the text. If the main map is too 
cluttered to show the geographic distribution of the major structures 
clearly, a page-size structure map should be used in context with the 
structure section. 

Most general reports conclude with a section on geologic history, 
but this may be followed by sections on economic deposits, meta- 
morphism, igneous activity, glaciation, systematic paleontology, or 
other pertiiteot subjects. 

11-3. Clariry of tha Rapert 

The one basic requirement for writing the report is that both data 
and ideas be presented clearly. This means that sentences must be 
constructed with care, and sentence order must be logical. Moreover, 
words must be chosen so as to give the precise meaning intended. One 
way to achieve logical sentence order is to expand an outline to sen¬ 
tence level. Subheadings can be used to orient the reader's tliought to 
major toptes, or each major paragraph can be introduced by a topic 
sentence. There are many further ways to improve the clarity and 
precision of a report These are describ^ fully in guides to genera] ex¬ 
position and scientific writing (as Perrin, IdSO). 

The meaning of scientific terms must be clear to the readers for 
wdrom the report is prepared. For general reports, the less technical 
of two possible terms is preferred. If an important term has more 
than one meaning, its usage should be defined in the introduction, in 
context, or in a foofinote. Rogefs Int€rnationat Thttauna Is a valuable 
aid in selecting nontechnical words, and the American Geological In¬ 
stitute's Glossary of Geology and Reitttad Sciences provides brief defi¬ 
nitions of many technical words. Suggestions So Authors of the Reports 
of the United States Geological Survey contains many valuable instruc¬ 
tions regarding both word usage and report writing. 


Fnparing Geologic ffvporti 

Repetitious use of words and phrases may be necessary if one word, 
or phrase, serves best to define a feature or situation. Moreover, it is 
generally desirable to keep parallel the construction of sentences that 
describe similar things, as well as the organization of paragraphs or 
sections that deal with similar units of the geology. In the section 
dealing with rock units, for example, the various subtitled parts should 
be in same order, and the detailed descriptions within each of the 
subtitled parts should be as nearly as possible in the same Older. This 
enables the reader to compare the rock units mentally as he reads; 
it also makes it easier for him to find parts he wishes to reread. 

Regardless of the grammatical correctness of sentences, scientific 
clarity requires that facts be demarcated clearly from interpretations. 
It may be advisable to keep the two separated by using only descrip¬ 
tive materials in the main body of the report and saving all theorizing 
for the concluding sections. In this way the writer can avoid tbe error 
of drawing conclusions horn points of “evidence" that were originally 
introduced as ideas, not hicts. 

11-4. Use of Speciol Terms 

Terms such as geographic names, cartographic and stratigraphic 
names, fossil names, and rock names must be chosen and used with 
special care to convey the meaning needed. Even minor modifica¬ 
tions in their arrangement, punctuation, or spelling may be misleading. 
Moreover, typists cannot be expected to detect mistakes in these special 
terms. 

Geeprophic names. Quadran^e maps of the U.S. Ceological Survey 
show alntost all names correctly. Errors are likely to occur only on 
old maps or on recent maps where it was not possible to check the 
names of minor outlying features. Inquiries in the area may resolve 
some of these errors; however, these inquiries must be thorough be¬ 
cause local usage tends to vary with time and individual feeling 
Forest Service maps and county land plats may be helpful in areas not 
covered by quadrangle maps. 

Because nwst readers will not be acquainted wth the geography of 
the area described, aU ploce names uMd in the text should appear on 
at iaost one map in the report. Furthermore, descriptions of rock 
units and structures should not depend on an endless chain of place 
names, especially if the names may be difficult to locate on maps. De¬ 
scriptions are followed more easily if locations are based on directions 
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and dtstanoet {rom a (ew prominent towns, peaks, and streams, or 
simply on the gross shape of the area mapped, or on the shape of 
any well-known part of it 

l/rkeie 0 ic end fime-strofigroph/c nemos. Use of lithologic unit 
terms (group, formation, member, lentil, tongue, bed) and time- 
rtratigraphic unit terms (system, series, stage, zone) must be applied 
consistently according to accepted rules (Section 12-2). Formerly, 
the first but not the second term of lithologic unit names was capi¬ 
talized (as SarKlholdt formation, Luda shale), but it is now rooom- 
mended that both temu be capitalized unless the name is used in an 
informal sense (see examples in Sections 12-2, 12-2, 14-2, and 1S<2). 

Spelling and luage of formalized names must be checked both in 
the original description and in subsequent publications where units 
nuy be redefined. Karnes of units in North America described prior 
to 1936 have been listed by Wihnarth (1938), while names introduced 
in the period 1936-195S have been list^ by Wilson, Sando. and Kopf 
(1957). The index of units prepared by Wilson. Keroher, and Hansen 
(1959) will also be usefiJ. Still more recent usage should be de¬ 
termined by checking the bibliographies of North American geology 
published by the U.S. Geological Survey, by consulting recent publica¬ 
tions, and by making inquiries to state geology offices or other agencies. 

In order to avoid duplication, geographic names for new units must 
not be published until ffiey have b^ checked against files of used 
and reserved names by the Ceologfc Names Coaimittee (U.S. Geo¬ 
logical Survey, Washington 2S, D.C.). 

fossil nemos. Errors in form and spelling of fossil names may be 
indedphertble or may even allocate the specimen to the wrong genus 
or species. Certain accepted rules should be followed. Both generic 
and specific names are italicized (underlined in typed nranuscript) 
where they appear in the text, but not where they are used in lists or 
tables. Generic names are capitalized, while spectfle and varietal 
names are not. The name of the foimder of the species always follows 
the specific name in lists; although it should be used In the text, it is 
customarily omitted when the full name appears in a list or table. 
The founder’s name is capitalized but not italicized. Generic names 
may be abbreviated to a capital initial (as T. inetana for TurriteUa 
inexana) if they are used in such context that the generic meaning is 
obvious (as in discussions of various turritellas). 

Identifications of genus or species may be doubtful because of poor 
preservation, variations within a species, or incompleteness of the 
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published record. Id such ceset the reliability of names should be 
indicated by appropriate designations, as sbo^vn in these examples: 
AcUa d, A. decisa (specimen of germs Adfo tM>t wdl preserved but 
looks much like AcHa declM); AcUa decisa? (genus definite but spedea 
only a good guess); PAcUa deciaa (both generic and specific names only 
a good guess); Acita sp. (genus definite but species indeterminate); 
Adia n. sp- (a well preserved but unnamed species of the genus 
Adfo); Aciia aff. A. decita (a well preserved Aciia that may be a new 
species but is similar to A. decisa). Where a paleontologist has made 
determinations or suggestions, bis statements must be quoted or 
transcribed with care. Identifications by paleontologists must be 
credited, not only as a matter of courtesy but also to m^e the record 
complete. 

The classifications and descriptions of new spedes require an ex¬ 
tensive library and the he^ of a paleontologist. Schenk and 
Masters (1966) described these procedures briefly, with special ref¬ 
erence to the rules for binomial nomenclature. 

Reck namss. A few simple rules should be followed in composing 
rock names consistiog of more than one word. Hypheiu are inserted 
only between nouns used to the same sense, as in olMne-ougUe ande¬ 
site, rhyolite tuff-breccia, and ehloriu-albite-epidote schist (not in 
oHviste bosob. lopilU tuff, or quartz diorite). Similar adfectioe modi¬ 
fiers are separated by commas, as: calcareous, argillaceous siltstone, 
and black, green-weathering andesite. Where two or more mineral 
modifiers are used to form r^ varieties, it is useful to place the name 
of the most abundant mineral next to the rode name For example, a 
quartx-biotite-chlorite schist contains more chlorite than biotite and 
more biotite than quartz (but this rule is by no means universal). 

Some terms are used loosely during field work or are used with a 
restricted meaning thought suitable to a given i»oJect (common ex¬ 
amples are migmatite, fine-grained, granits. graywadee, diole). The 
writer must consider whether his usage of such terms is correct, or, 
if various meanings have been given them, whether he has defined his 
usage precisely enough. 

11-5. Front MoHor for tho Roport 

The front matter consists of aD materials appearing before the main 
body of the report, generally a title page, a table of contents, a Ust 
of iUustrations, and an abstract. 
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THh po 0 «. In addition to the title of the report, the title page 
should bear the oame of the writer, the date or dates of the project 
(or, in some cases, the re p o r t), and the name of the organization, if 
any, for which the work was done. The title itself should be as short 
as possible but should state clearly the nature or content of the report. 
Tides of general reports tlrould begin with Geology of , followed 
by the geographic name of the area described. It is unnecessary for 
geographic naotes to be compounded to delimit an area completely, 
for the area can be located readily by turning to the report 

Table of eentanfs. The table of contents is prepared from the final 
copy of the manuscript, when all sectloo headings have been decided 
upon. In many cases the lowest rank of headings may be omitted from 
the table of contents if they are repetitive (for ezample, the subhead¬ 
ings under each rock unit). 

lift of HluiSrefhnt. The list of illustratioiu gives page numbers or 
other suitable reference to all text figures and plates, ix>cludiDg those 
folded separately at the back of the report. Wherever possible, titles 
or captions of illustradons are shortened for the list. For example, 
a figure caption that reads "Contact between Lucia Shale and The 
RocJcs Sandstone in upper Reliz Canyon, showing thin sandstone beds 
and concretions in shale" could be listed as "Contact between Lucia 
Shale and The Rocks Sandstone." 

Absfrett. The abstract is a very brief version of the report. It is 
all some readen will ever see (or read) and should therefore be as 
informative as possible. Abstracts are gerrerally 150 to 600 words long, 
although much shorter ones may be adequate for some pepen aird 
1,000 to 4,000 words may be needed to ab^act exceptionally long or 
thorough reports. The length of the abstract also depends on the 
nature of the paper and on the specifications set by the publisher. 
Three suggestions for wiitiDg abstracts are: 

1. E^c-h sentence must be informative. Such statements as **11)6 
sedimentary rock units are described, their fossils named, and their 
ages delimited' are superfluous because the reader assumes the report 

cover these things. Generally, only a few more words could give 
useful data, for example, Tlte sequence is; 600 ft of unnamed Cre¬ 
taceous shales, 1,200 ft of Laron Sandstone (Eocene), 800-1,400 ft of 
Cutler Formation (Upper Eocene and Oligocene?}, and 3,000 ft of 
lavas that iotertongue to the south with the Justin Formation (Mio¬ 
cene)." 

2. Data should be presented In the same order as in the report or 
as nearly so as possible. The reader who is interested in only a part 
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of the report can then go quickly and easily from abstract to table 
of contents to text 

3. Each major section of the report should be summarized in at 
a sentence, and if the report is long or tbcvough, each major sec- 
Uon should be sumroarizod In a paragraph. Favorite topics should not 
be emphasized so much that other topics that may be of ioterest to 
many readers are omitted. The main descriptive materials should re¬ 
ceive the most thorough treatment New lithologic units, unusual 
associations of rocks or minerals, and new fossils or minerals should 
at least be mentioned in the abstract, regardless of the main purposes 
of the report. Where new or unusual methods have been used, they 
should be described briefly. 

11-4. Form of ihe Rapert 

All manuscripts should be typed in acceptable double-spaced format 
Quotations should be checked with care and the dtatkm of their source 
must include a page number. Data and ideas condensed from other 
reports are not placed In quotation marks but must be accompanied by 
a full citation of their source. Footnotes other than bibliographic ref¬ 
erences are troublesome to insert in a typed manuscript and may dis¬ 
rupt the continuity of the reader's thought; therefore, they should be 
used only where necessary. Short statements or definitions that are 
Incompatible with the text can commonly be placed in parentheses in 
context. 

lists and tobies. In many cases daU can be presented more dearly 
and concisely in lists or tables than In the text Lists are used for 
data that can be organized in one or two columns (as fossil collections, 
stratigraphic sequences, or well logs), whereas tables are used when 
both horizontal and vertical divisions must be shown (as several 
stratigraphic sequences, serial mineral assemblages in metamorphic 
zones, or modal compositions of various rocks). Well logs and sedi¬ 
mentary sequences should be run one column to the page, but other 
bsts may be run in two or three columns, as space permits. Tables 
are divided by horizontal and vertical lines, and the typed insertions 
should be single spaced. Titles for tables must Indicate both the kind 
of data presented and its geographic (or other) source. UbeU for 
the various columns may be abbrevUted; if they must be incomplete, 
appropriate explanatory notes should be added beneath the tabl*. 

Bibliegraphy oncf Ual of raferencas eitad. A bibliography is a list 
of references that includes aU works pertaining to the subject of the 
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report, whether they are actually referred to in the report or oot. A 
Ust of references cited iacluder ooty the worki referred to in the text 
of the report. The advantage of the bibliography is that it gives a 
complete picture of background materials for the report 

The list of reference* dted or bibliography is placed at the end 
of the report, and the items are arranged in alphabetical order by 
author. Two or more works by one author are listed in chronologlaLl 
order. Items by coauthors appear in order of the first co-author’s 
oame and after his single entries. These rules are illustrated by the 
examples that follow, and the order and punctuation shown is that 
which has been standardized for most geological pubUcations in 
America. 

Ailing. H. U. 1B26. The potash-soda feldspars: Jour. Geology, v. 34, 
p. 591-611. 

, 1936, Interpretive petrology of the igneous rocks: N.Y., McCraw- 
Hifi Book Co., 353 p. 

Calkins, F. C., 1930, The granitic rodcs of the Yosemite regioa: p. 120- 
139 in Mattbes, F. E., Geologic history of the Yosemite Valley: 
U.S. CeoL Survey Prcf. Paper 160,137 p. 

Calldiu, C. C., acxl Etmooiu, W. H., 1915, Fhilipsburg. Moot: U.S. 
Ced. Survey Ceol. Folio IM, 26 p. 

Gilbert. C. K., 1690, Lake BoraieviDe: U.S. CeoL Survey Mon. 1, 375 p 

Mayo, B. B., I95te, Banei^'s study of Oracle grarrite (Abstract): 
Ce^ Soc. America BulL, v. 70, p. 1735. 

—, 1959b, Recent ccsKepts of ore lo ca l i xatiem in southern Arizona 
(Abstract); Ceol. Soc. America Bull., v. 70, p. 1735. 

MuDer, 5. W., 1945, Permafrost or pennaiw^ frozen ground and 
related engineerittg problems: U5. Army Engineers, Strategic Eng. 
Study. Special Rept. no. 62, 231 p. (Rented by J. W. Awards, 
Inc.. Ann Arbor, Mkh., 1947). 

Explanatory items are inserted in parentheses (as in the last two ex¬ 
amples) or put in italics (as in the item by Calkins). 

Citatkins based on a Ust of references or a bibliography give the 
author, date, and the specific pages referred to, as shown in this ex¬ 
ample: 

The formation was deaertbed In a general way by several early 

worken (Smith, 1902. p. 14-16; Johnston, 1906, p. 4-5; Caster. 1909. 

p. 7), but Williiini (1926, p 9-14) was ^e first to define it precisely. 

If only a few references are used, they may be entered as footnotes 
rather than in a Ust at the end of the paper. This has the advantage 
of presenting the reference directly where it appUes. Footnote refer¬ 
ences are usually arranged in this order: author, name of article or 


195 


Ffpofing Geologic Reports 

name of ^raal or (if a book) place of pubHcatioa, name of 
publisher, volume number, date, and pages. 

n-7. Plonninp Illustration* for the Report 

The map and other detailed illustrations should be prepared first 
to the report can be written around them. To select additional illus¬ 
trations, ^e various field sketches and photographs should be reviewed 
and set in order. As writing proceeds, id^ for illustrations can be 
on a scratch pad. These ideas are culled down to a final 
choice after considering the costs and methods of reproduction. If the 
report is to be published, the writer must determine at an early date 
the publisher's specifications as to size, kind, and number of ilhistra- 
tioDS. Besides meeting these specifications, the illustrations must pre¬ 
sent data or relatioru that could not be presented more clearly in the 
text; they should never be mere decorations. The prime basis of se¬ 
lection is that of usefulness. The writer need not be a skilled artist 
to prepare a useful illustration. 

If iUustratiotts are to be prepared by draftsmen or artists in one 
step, sketches or other copy submitted to them should be fully labeled 
and detailed because it may be impossible to change final inked copies. 
Instructions to draftsmen should be placed on the sketch to which they 
refer. Time allowing, it is better for the draftsman to prepare a pencil 
copy from the writer’s sketch so that the writer can make changes on 
this before final copy is prepared. The draftsman can thereby improve 
the illustration wit^t altering its accuracy. 

Once the writer and draftsman have decided what the illustration 
is to accomplish, they can prepare dear copy by considering each of 
the following points: 

1. Layout of the illustration should be uncrowded and well balanced. 

2. Design of details and patterning should be simple. 

3. Dimensions (scale) artd directions should be indicated dearly. 

4. Titles, legends, and captions should be as complete as space 
aDows. 

5. If the illustration will be reduced, line weights and letter beighU 
must be suitable. 

When the final choice of ilhutratioos is made-particularly when the 
final copy is in hand—the text should be re-examined to make sure that It 
coordinates correctly with the illustrations and doe* not repeat their 
content needlessly. 
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DupUtathfi precMMs. Since many ilhistrationa must be limited be¬ 
cause of the processes that wiU be to duplicate them, these proc¬ 
esses must be considered when the ilhistratioiu are planned. Some of 
the factors to consider are: size of copy, costs, legibility of final copy, 
accuracy of duplication, durability of copy (both to light and handling), 
and nature and color of print surfaces (can they be colored and inked?). 
The possibilities vary so with local facilities that it is necessary to 
contact bhieprintera or engravers and discuss items spedflcally. They 
will be able to suggest processes that will give the best results, and 
they may also be able to suggest how a map can be enlarged or re¬ 
duced effidentiy during the drafting stages. The following notes ap¬ 
ply to the processes av^able most widely. 

Ozofid (dituo-ammonie) proctm. Typically blue or black lines 
OD white base, but sepia tones are available locally; blue lines may 
fade on some paper stocks; made from a transparent drawing; various 
papers, including card stodc, available locally; widths typically up 
to 42 in. or 54 in. and any length; <ne of least expensive processes 
for less than 50 prints. 

BW or Brumng (dioxo) process. About the same as for Ozalid 
prints; white base may age yellowish or brownish in some paper stocks. 

Vandyke, bhteprinte, brown-Une prints. Various wet processes, 
typically made in vacuum frame; require negative of original to give 
positive copy; more expensive than those listed above, but high- 
quality papers available; prints typically permanent; scale likely to be 
somewhat different from originaL 

Photostat and other photograpfdc prints. Various paper sizes and 
surfaces, depending on facilities: some surfaces not suitable for color- 
Ing or ink work. 

Lithographic, photo offset printing. Regular press printing, produces 
excellent copy on various papers; size limitations vary greatly with 
local press equipment; usually economic only where more than 30 to 
SO copies needed. 

Xerography, dupUmat. Excellent black-line prints from any good 
line copy; cheaper than photo offset printing, but image sizes limited 
to approximately 9H X 12H fo. 

11-g. Kindt of lllwtlrotlens 

Detailed geologic maps, cross sections, and columnar sections are 
generally the most important illustrations is a report, and they will be 
considered in Sections 11-10 and 11-11. Other kinds of illustrations 
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are described briefly In this section. Ridgway (1920) has given many 
additional suggestions. 

Smelf'seole mops. Most reports require tmall'scale maps that show 
area locetioDs, geographic features, or generalized regional geologic 
features. These maps are most useful if they are page size or smaller, 
and are bound in the part of the report to which they refer. They 
should be simplified by removing or subordinating nonessential geo¬ 
graphic features. Place names should be shown clearly. It is easiest 
to make these drawings for abotit 50 percent reduction. 

Rf>ete 0 raphs. No illustration is as convincing as a good photograph, 
but only tlM exceptional outcrop or hillside can be photographed ef- 
feebvely. Critical features generally lack contrast or are obscured by 
patterns of shadows or vegetation. These difficulties can sometimes 
be overcome by photographing the outcrop at a certain time of day 
or by using flash attachments or colored filters. Some prints can 
be clarified greatly by inking contacts and labels directly on them. 
Photographs should not bo altered in such a way as to modify geologic 
features, but complicating shadows or other misleading effects may 
be retouched. When only a few copies of a report are needed, color 
photographs can be used to illustrate features that would not be clear 
in black and white prints. 

Drawingi of outeropa ond apaeimens. Drawings can eliminate dis¬ 
turbing and superfluous material and can clarify relations by showing 
cut-aways and enlargements (as Fig. IS-ll). Drawings from Add 
sketches or photographs are made most easily by tracing directly from 
the original 'Ihree-dimensioruil objects are generally shaded as though 
U^t were coming from the upper left comer of the drawing. Ink 
dots (stipples) are used to shade rough surfaces (as Fig. 13-4). while 
parallel lines are used for smooth or striated surfaces (as Rg. 13-7). 
Drawings can also be shaded with lamp black, carbon pendb, or water- 
color wash, but they can be reproduced only by photographic processes. 

Isemetrlc dieerami. Isometric diagrams show structures in such a 
way that the reader can measure distances parallel to the three 
mutually perpertdicular coordinate-axes on which the drawing is based 
(Fig. 11-1). The scales on the three axes are the same, and the t>vo 
borizootal axes are typically placed at angles of 60° to the vertical axis 
(lined papers of this type are available from suppliers of drafting ma¬ 
terials). Other angular arrangements can be constructed. Detailed 
instructions regarding both isometric (axonometric) and oblique di¬ 
mensioned projections are given by Hoelscher and Springer (1956, 
chs. 16. 17). 
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Hf* li-l. iMOMtfle (iUcnm at pMt of a mine, tbewint the acaled aset on which 
It li bated. 


Peripecthre drewfngt. Block diagrams and other three-dimensional 
objects should be drawn as perspective projections in cases where their 
natural appearance is more important than is scaling dimeosioiM from 
them. The ideal perspective projection is that seen by the human eye 
or the camera lens, and it results from the simple fact that distant 
objects appear smaller than those close by. In making a sketch of an 
outcrop or landscape, the observer draws in approximate perspective 
without thinking about it, but a correctly dimensioaed drawing re¬ 
quires makiog measuroments and projecting them into the drawing 
accordbg to certain rules. Constructions according to the so-called 
one-point and two-point perspective systems have been described by 
Lobeck (1924, 1998). Hoelscher and Springer (1956, ch. 18) have 
given instructions for aD types of perspective drawings, induding 
those made by the three-point system. Three-point perspective should 
be used to draw objects whose vertical dimension is as long or longer 
than their other dlmensioru. 

Gfophs oAcf evnres. Various simple graphs and curves can be used 
to present data that are related to two variables, and more complicated 
diagrams can be used to show a third variable. The points from which 
curves are drawn should appear on the final illustrations, preferably 
with numbers that refer to lists or other sources from which the data 
were taken. Cross-ruled paper for graphs and curves should be 
checked for accuracy, and plotting shodd be done with a sharp, hard 
pencil. Graphs that make comparisons by showing areas or volumes 
may be misleading if not thought out and explained with care. 
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Spli«ricp( prej«ct/oA«. Stereographic ftod equal-area spherical pro- 
jectiODS can present large amounts of data relating to structural 
orientations. The references cited in Section 1S*11 describe some of 
these possibilities fully. Hie final UlustiatioD must be labeled suf¬ 
ficiently so that the readm can orient it with the geologic map and 
sections or with other relevant structural data. 

11-9. Drawing Methods 

In addition to the materials noted below, a large pad or roll of in¬ 
expensive tracing paper will be useful for sketching layouts. If the 
illustrations will be reduced, a reducing glass can be used to check 
line weights and letter heists. 

layevf. Illustrations should be composed and arranged before 
detailed work is done on them. After their various parts are sketched 
on scratd) paper, they can be assembled on a drawing board, and the 
overall composition can be made by placing a piece of tracing paper 
over the assemblage and composing the illustration in pencil The 
distributiOQ of labels and other lettering should be determined at this 
stage. 

finished line work. The fimshed drawing may be made directly on 
a piece of top-quality tracing paper or linen placed over the layout 
sheet, or it may be made on a piece of opaque drawing paper after 
transferring the layout with carbon paper (or by blacking the back 
of the layout sheet with a soft pencil). Engineering drafting methods 
are used where illustrations require strai^t or smoothly curving lines, 
as described in books on engineering drawing (as Hoelscher and 
Springer, 1956, dx. 3). Most natural objects should be inked free-hand 
over the pencil guide lines; these lines can be drawn neatly if made a 
little at a time. Freely curving lines that must have a precisely even 
thickness (as contours and contacts) can be drawn with a contour 
pen or a pen from a lettering set. In order to reproduce well, line 
work must be black, not gray. 

Shading. Stippling can be dcme evenly if the dots are made in smalt 
spiraling groups (Fig. 11-2). StippU boerd, a heavy white paper with 
a bumpy surface, gives a roughly stippled effect when rubbed with a 
blade crayon (as Pig. 15-1). Line-^ding of flat surfaces should be 
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done with parallel, even linei, while the lines on curving or inegular 
surfaces sbmld be made to curve beck away &om the observer. If a 
fine, supple pen point is used (as Cillott'i 290), the lines can be pressed 
thick or thin to Increase the effect of depth. 

Delicately shaded drawings should be made on a hard white paper 
with a sadn'Smooth surface, as Bristol board. Carbon lamp-black can 
be rubbed on this paper to shade broad areas evenly, while a Wolff 
carbon pendl can be used for more intricate effects. Drawings can 
also be shaded with water washes and a brush, but this technique re¬ 
quires considerable practice. A machine ersuer, razor, or china white 
poster paint can be used to touch out errors or add highlights. 

Printed peffernt. Machine-printed patterns (u Zlp-a-tone and 
Craftint) are available in numerous patterns of lines and dots, as well 
as in geological patterns. They should be used wherever a smooth, 
flat effect is need^, as on geol^c maps. Full directions for applying 
them can be obtained from suppliers. When used on maps, the pat¬ 
terns must be chosen ao as to contrast suitably with one another, but 
must not be so bold or dark as to obscure other features. 

Coloring ilivstrat/ons. Colors can clarify complex illustrations 
greatly, and can be used with little added expense if only a few copies 
of a report are needed. Line-work, as for faults or other structures, 
should be done with colored inks or pencils. Formational areas on 
maps can be colored evenly by rubbing the long side of a colored pendl 
point in small drcles to build the color value up to that desired. Large 
areas can be colored evenly by rubbing the pencil on a sheet of fine 
sandpaper and applying the colored powder to the map with a bit 
of folded cloth. Water colors cannot be used because they wrinkle 
all but the heaviest papen, but printer's inks, artist’s oil colors, and 
some wax-base pencils can be applied lightly by dissolving them in 
benzine or any other suitably volatile solvent. These dilute stains 
should be applied with a ^ush or soft cloth and the excess fluid wiped 
off the surface at once. The resulting appearance is typically excel¬ 
lent, but the colors cannot be erased and some mixtures cannot be 
inked or penciled. It is therefore necessary to experiment with ma¬ 
terials before using them on expensive c(^y. 

Manufactured color sheets (as Zip-a-tone, Craftint) can be used 
to give a flat effect where only one copy of an illustration is needed. 
Many of these colors, however, are too bright or opaque for detailed 
geologic maps. 

letteriAg. Lettering guides and machines provide a means to do 
professional-appearing lettering, and full instructions oome with these 
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instruments. Long titles, legends, end similer items should be lettered 
first io pencil is order that they will be spaced correctly. 

If an dectric typewriter with suitable type-style is available, letter* 
ing that looks like printing can be prepared quickly. The typed copy 
is cut and attached to the illustration, and if special opaque tape or 
transparent sheets (as Copy-zip) are used, no glue or paste are needed. 
Prepared letters and words can also be obtained on a Zip-a-tone base. 
An advantage of this method is that spacing can be done perfectly and 
quickly. 

Hand lettering must be used for fine characters, for words that must 
curve with streams or other features, or for special letter styles. Cor¬ 
rect Styles for lettering maps can be seen on any quadrangle map of 
the U.S. Geological Survey, and standard lettering procedures are 
given in all books on drafting and commercial drawing. 

tnlargtng and rnduting. Enlargements and reductions that must 
be accurate and detailed should be done photographically. Illustra¬ 
tions that do not require precise details can be enlarged or reduced 
by first applying a square grid over the surface of the original copy 
and then traiuferring the drawing square by square to a larger or 
smaller-scale grid. Proportional dividers can be used to transfer de¬ 
tails within each square. Camera hiddas, adjustable projectors, and 
pantographs can also be used to enlarge or reduce illustrations ac- 
curatejy. 

11-10. Detailed Geologic Mops ond Cross Soctlons 

The first step in preparing a detailed geologic map is to determine 
tbe limitadons imposed by methods of duplication or publishing. 
These limitations will apply mainly to tbe size (or scale) and the 
use of colors. Because over-sized maps are difficult to use in the 
field as well as at a table, maps and sectious should be as small as 
clarity allows. If colora can be used, all or almost all of tbe data on 
field sheets can be shown dearly at one-half to one-third the field 
scale. 

After the methods of duplication are dedded upon, the field sheets 
should be studied to determine what will be induded on the final 
map. A general rule is to show as much as possible, within tbe limits 
of legibility. Contacts may have to be simplified here and there, and 
closely spaced structure symbols averaged, but data must not be re¬ 
moved or averaged just to make a map look even. Readers know that 
observations can be more complete in some places than others, and 
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they will appreciate a hill record where it cao be given. When ex¬ 
ceptional amounts of structural data have been plotted, as with sev¬ 
eral foliadoos and fracture systems, it may be necessary to prepare an 
accessory ttmctun mop; however, the possibility of showing these 
data in colored tnb on the main map should first be investigated. 

Cemposinff the ftgend and ioyevf. When the field sheets are ex¬ 
amined during the planning stage, a list should be made of all rock 
units, structure symbols, and special culture symbob that will be 
shown in the legend of the final map. These items should be penciled 
out in order and to scale on scratdi p^per. The title, scale bars, north 
arrow, and other accessory items should abo be penciled to scale. 
The field sheets should thq be laid out so as to join, and the various 
penciled items ananged with them until an optimum balance and use 
of space are achlev^ The final cross sections should be selected 
at this time to that they can be drawn on the same plate as the map 
(Fig. 11-3). The map should be oriented so that north it toward 
the top, unless it b ooitly or ungainly to do so. 

Tracing pap« can now be placed over the assembled parts and a 
pencil sketch made of the layout Thu sketch serves to guide the re¬ 
maining steps of the drafting 

Fropating draffing sAeeft. If more than one color will be used 
in printing the map, separate sheets must generally be prepared for 
each color s^aration. They must match exactly at all stages of draw¬ 
ing and printing. The separates should be cut from the same roll or 
stock of paper, linen, or acetate. They must be oriented so that their 
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grain 1 $ paralld and must be left to season until measurements show 
they have reached an even regimeo of scaie*changes. They are then 
key^ to one another by small crosses or circles placed near their 
comers, and they are kept in the same room and in the same manner 
(flat, rolled, or hanging) until sent to the printer. 

Noiting hose grid. When map sheets have been seasoned suitably, 
a map grid exactly like that used on the base maps, plane table sheets, 
or photograph compilation should be plotted and drawn on each sheet 
with a sharp, hard peitcil and a sted straightedge. In cases where 
the geology was mapped on a published base, a loogitude-Utitude 
grid may Iw traced directly from a fresh quadrangle sheet. In other 
cases a control grid must ^ constructed according to the procedures 
given in Section 7-11, and control points may be plotted as described 
in Section S-S. The grid should not be inked on any of the sheets at 
this stage. 

Orewing the mop. The field sheets can now be taped to the drafting 
board one at a time, a map sheet oriented over them by reference to 
the grid or control points, and the various data traced in black ink. If 
opaque paper is uMd, the map may be traced over a light table with 
a low^emperature light source. The transfer can also be made with 
a reflecting projector (as the Saltzman), but this requires penciling the 
map first and inking it afterwards (and checking carefully against the 
original as the inking is done). A great advantage of the projector 
method is that the map can be reduced at this stage. 

Where copy is being prepared for color printing, one separation must 
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be nude for e«ch color that will be used, and only the items that will 
appear in that color are drafted on that particular sheet For example, 
a separate sheet might be made for (^ainage (to be printed blue), 
another for contours (to be printed brown), and so forth. 

When all features and patterns will be printed in one color, widths 
and styles of Unea must be selected so that the final copy will be clear. 
The patterns applied to rock units will indicate which lines are con¬ 
tacts and which are contours (Fig. 11-4). The order of inking is im¬ 
portant if erasures are to be kept to a minimum because many features 
may cross or overlap one another. The following order may be used: 
(1) structure syrobok without numbers, (2) faults, (3) contacts, (4) 
cross-section lixses, (5) numbers for structure symbols, (6) culture, 
(7) drainage, and (8) contours. Geogtiphic names should be pen¬ 
ciled in at an early stage lest they be forgotten. They can be shifted 
as necessary so as not to cover important features, and they should 
be inked after the contours. The grid should be inked next, but if 
the map is crowded, it should be supplanted by short lines at the 
margins of the map. Letter symbols for rode units should be inked 
last. The order of inking implies that later items are broken to ac¬ 
commodate earlier ones, as shown in Fig. 11-4. 

Most maps are completed by inlang the title, legend, scale bars 
(scale bars should be used whether or not a fractional scale is glvai), 
north arrow, and other accessory items. Prepared patterns (Zip-a- 
tone, Craftint) should be ^>plied after the map surface has been 
deaned with a soft eraser and brushed thorou^ly. Great care must 
be used not to thin the ink work by erasing, particularly where lines 
wiO be covered by applied patterns. 

Cross strtiens. The final cross sections should be made after the 
map it inked because they must correspond to it exactly. To make 
an accurate section it is necessary to use a sharp pencil and to key 
the section paper precisely to the end ticks of the section lines on the 
map. Transparent cross-section paper is easier to use than opaque 
paper. O>mpletioo of the geologic features under the profile line re¬ 
quires a careful analysis of the mapped features tvear the section line, 
many features will project into ^ line of section below the surface. 
Some suggestions for these constructions are given in Section 3-6. 

Lithoio^c symbob like those in Appendix 5 should be used when 
sections will ht printed in bbek only. Patterns for adjacent units 
should contrast enough to indicate the positions of contacts. If colon 
are used on the map. the cross sections may also be colored, but the 
inked lithology should then be simpUfied. Unit symbols, fault arrows. 



frmpating G^oiogie ftvporft 



305 


Hf. 11-4. CtoM Mction. ibowlDf ftcoMmy tymbok. 


aod other details, as shown in Fig. 11-5, should be added to complete 
the sections. The projected lines above the section should be used 
only where needed to clarify a well-controlled structure. 

Elevations should be shown at the ends of the section. If the sec¬ 
tions are assembled on a separate plate from the map, they must bear 
a scale bar, complete title, and a legend or a clear reference to the 
legend of the map. 

11-11. StratiQraphic lllusiretiens 

Stratigraphic data are ger>erally presented in detailed cohimnar sec¬ 
tions that may represent either single measured sections or an average 
sequcirce for a given area or region. The basic procedure for con¬ 
structing columnar sections is given in Section 3-8. The drawing is 
made at the smallest scale that will show the units or beds con¬ 
sidered pertinent. Scales will typically range &om 1 in. « lOO ft to 
1 in. M 10 ft. 

The formal units (formations, aitd so on) or the principal urmamed 
divisions should be blocked out first after computing true thicknesses 
from the survey notes or maps (Section 12-8), then the lithologic de¬ 
tails are added by starting at the top and working down. If the section 
was measured from the base up, this must be done with care in order 
not to transpose data. In where the field measurements were 
made in far greater detail than can be used on the column, the field 
notes should first be transezibed into a sequence of somewhat gen¬ 
eralized units that can be drawn to scale. Lithologic descriptions 
should be added to most detailed sections, but lithologic symbols may 
be adequate where several small-scale sections are used on one plate. 

Seriel sectieni ond panel diagram*. If a number of stratigraphic 
sections have been measured, they can be plotted together to illustrate 
lateral variations in thidmess and lithology. If the sections are located 
along a simple linear feature, as the outcrop of a homocUne, they can 
be plotted in a geographic series, spaced in proportion to the distances 
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between traverses (Fig. 11-6). They should be assembled on the 
drawing on the basis of oi>e horizon (a stratigraphic time-plane with¬ 
out vertical dimensions), and contact lines should be profected be¬ 
tween them to show the continuity of units. 

If measured sections are scattered geographically, they are com¬ 
monly plotted as columns on an isometric projection of the area. The 
continuity of the units can be shows by drawing continuous planar 
icctions between adjacent columns, to make what is called a panel (or 
fence) diogrom (Fig. 11-7). All measurements parallel to the verticsd 
axis must be to scale, as required by the isometric projection. 

Where subsurface data are abundant, it may be possible to con¬ 
struct structure maps and ist^cbous maps of certain units or con¬ 
tacts, and if a survey has covered a Urge area, fades maps may also 
be constructed from petrologic and fossil data (see, for example. 
Bishop, 1960). 
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Field Work with Sedimentary Rocks 


12-1. Int*rpf«ting Stdimcntory Reek* 

Although many problems relating to sedimentary rocks can be solved 
directly ^ mapping formations, some require additional studies. Sys> 
temadc observations on textures, compositions, and small-scale struc¬ 
tures are generally essential to interpreting sedimentary processes and 
events. The compositions and shapes of the grains of a sandstone, 
for example, can indicate not only the kinds of rocks from which it 
was derived but also bow much they were weathered and how rapidly 
they were eroded. Cross-bedding and linear structures in the sand¬ 
stone can record tho direction as well as the nature of the currents 
that deposited the grains, while the thicknesses and textures of iisdivid- 
ual beds can cast bght on the rate of sedimentation and burial. Fossils 
in the saiulstone may give a measure of its age and the conditions 
under which it was deposited. Finally, the distribution of cements 
and the alterations of minerals along beds and fractures can provide 
evidence of Important post-depositional processes. 

Studies of these various features must be as systematic and quantita¬ 
tive as possible. In general, the following requirements must be satis¬ 
fied: 

1. The stratigraphic frame of reference for measurements must be 
wdl understood. 

2. Rock names and descriptions should be quantitative and based 
as much as possible on characteristics that have genetic meaning. 

3. Small structures must be observed to determine conditions of 
sedimentation as well as stratigraphic sequence. 

4. Methods of sampling and measuring must be precise enough to 
permit accurate correlations of data. 

If deformation is extreme, especially where rocks are strongly lithified, 
the principles and methods described in Sectiofu 15-5 to 15-11 may 
also prove useful 

A single comprebensiv-e study is generally preferred to several 
partial ones, for some data can be interpreted only in the light of 
others. Many projects, however, must be limited in scope, and must 
therefore be organized carefully in order to meet their special purposes 

MS 
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effectively. General geologic mapping wiU provide the best raeens 
for selecting and planning detailed or specialized studies. If such 
mapping cannot be undertaken, the area of Interest should be reoon- 
noitered thoroughly, and, if possible, trial studies should be made in 
several subareas. 

Sedimentary petrology is a rapidly expanding field, and the reader 
is urged to consult not only books such as those by Krumbein and 
Sloss (1951), Pettijohn (19CT), and Dunbar and Rogers (1957), but 
also recent issues of geological journals. 

13—2. Lithelepic and Tltne-Strotigraphlc Units 

Field work with sedimentary rodcs re*iulres knowledge of two kinds 
of stratigraphic units: lithologic units, which are defin^ on the basis 
of physical characteristics, and time*stratigraphic units, which are gen¬ 
erally defined on the basis of the fossils they contain. Suggestions 
for classifying each kind of unit are presented briefly in the paragraphs 
that follow. 

iifholegie units. The general nature and use of lithologic units 
(abo called rocJc-ttroHgraphic unitt or simply rock units) are de* 
scribed in Section 4-6. These units are coiuidered formal when they 
have been named and defined according to the rules of the Strati¬ 
graphic Code and have been allocated to one of three ranks of units. 
The formation is the rank of lithologic unit used most widely. When 
a region is first mapped, or when obsolete mapping is revised, lithologic 
units are set up as formations wherever possible. Formations must be 
cartographic and therefore thick enough to plot accurately at map 
scales of about 1:24,000. A groirp is a lithologic unit consisting of 
two or trrore superjacent formations. Upon detailed mapping, a 
heterogerwous formation may be made into a group by dividing it 
into new formations. 

Irregular or heterogeneous formations can also be divided into litho¬ 
logic units of lesser rank. These units are called membert if they 
have wide lateral extent. ItrUUt if they are lens shaped, and tongues 
if they are wedge-shaped projectioru from the main body of the 
formation. These smaller units need not be cartographic. It is oc- 
casiooaUy useful to map a distinctive bad or lens within a formation 
or member (see key b^. Section 4-6); however, these units are not 
commonly formalized by geographic names. Single beds may also be 
used for mapj^ng the contacts of some formations. 

Rules for naming and describing units must be considered early 
in field work. A summary of the principal rules is given below; bow- 
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ever, the hill code of the American Comoitesion on Stratigraphic 
Nomenclature (1961) should be consulted before a new unit is de* 
scribed in the literature. 

1. The name and definition of the unit must appear in a scientific 
publication that is widely known and available to geologists. 

2. A statement that the unit is new must accompany the definition. 

3. The deSnition must include a full description of the unit (Section 

11 - 2 ). 

4. The definition must cite a typo locaUty where the rocks are well 
developed and well exposed. 

5. The name must consist of a geographic name and a term for the 
dominant lithology (as Dakota Sandstone); or. if the lithology cannot 
be expressed in a single word, the term for the rank of the unit is 
used (as Tobin Formation). 

6. geographic name should be that of a permanent feature at 
or near the type locality and must not duplicate a name used for 
another unit. 

A detailed type tectipn is often described for the type locality, but 
this should be omitted if the unit has such lateral variations that a 
single detailed section would be misleading. It is often more useful 
to include a geologic map showing the continuity of the unit over a 
large area. 

Estabbshed units should not be changed in rank or redefined without 
thorough field studies because each change in nomenclature makes 
the published record more difficult to use. Sometimes, however, it 
may be necessary to subdivide old, heterogeneous units Into new for* 
mations or to redefine the contacts or critical features of formatioru 
that were defined loosely. When these changes are considerable, it may 
be best to abandon old names and use new ones. 

Format names should not be used for rodci that are poorly exposed 
or are found as fragments of complete formations. ITie contacts of 
these rocks may, for example, be faults or may be covered by surfidal 
deposits. Such unib may be useful in mapping, but if named formally, 
they will probably require subsequent redefinition. Their usefulness 
is in no way impaired by informal names, as shale of Bradford Creek, 
Cretaceous rocks of Mitt Volley, Cooper Point beds. 

Time-stoligrophU units. A time-stratigraphic unit is a sequence of 
strata that accumulated during a particular interval of geologic time. 
The interval is defined and generally recognixed by the foesils the 
strata contain. Table 12-1 shows the equivalence between the ranks 
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TobW 13>1. EquKroUnc* IttwMn TIm and Tim»-$rroti9fOf>tilc T«rM 
Time Interval Time<^tntigraphjc Unit 


1. Period (at Triat$lc Period) Systein (at TrioMic Syittm) 

2. Epoch (at LaU TrloMsic Epoch) siaiet (as Upper Trtaeeic Series) 

S. Age (as Norian Age) Stage (as hTerion Stage) 


of geologic tiine terms and the ranks of dme-stratigraphic units. The 
Stage, the smallest unit used widely for regional and interregional cor* 
relatloQs, is established by a careful faunal study of a stratigraphkally 
continuous, well-exposed sequence of beds. The stage is named after 
the locality where the inittal study was made. Many stages used in 
America are named after local rock-stradgraphic sequences, but Euro¬ 
pean stages are being used more and more for American as well as for 
world-wide correlatiODS. Exceptionally thick and fossiliferous rocks 
can oftep be subdivided locally by detailed stage classifications; In 
the Tertiary of the Pacific Coast region, for example, a sequence of 
local stages has been based on microfossils (Klelnpell, 1936; Mallory. 
1959). 

Founixonos are generally the smallest units used in a dme-strall- 
graphic sense. They are considered by some to be purely biottnti- 
graphic units because they do not have a usable time value They are, 
however, the basis on which most stages are dehneated; thus they 
comprise a very important part of time stratigraphy. The kind of 
zone used most widely is based on the range of an assemblage of 
fossils. The zone is named after a distinctive fossil of this assemblage, 
but not necessarily one that Is restricted to the zone (as the BuUmina 
cerrugata Zone). 0>Dditions of deposition limit the use of a given 
faunizone; zones based on pelagic focaminifera, for example, cannot 
be used to classify oonmaiioe rodu. 

The methods of establishing tune-stratigraphic units have been de¬ 
scribed briefly by Schenck and Muller (1941, p. 1424): 

Pint, the stratigrapher carefully studies a continuous sectioD of simi¬ 
lar facies; cdlections of fossik are carefully allocated in this section. 
Second, the species axe identified, axtd thrix stratigraphic ranges in 
this sectioa axe accurately determln^ Third, these ranges are analyzed 
so es to show a certain grouping of the strata; these are the arbitrarily 
delimited, provisional, time-stratigraphic units. Each sudx unit contains 
species or genera restricted to it; some fossils have their lowest strati- 
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graphic occurmieo in H; and some may occur above and below u 
well as In the unit Other species which occur flnt in dve Immediateiy 
overlying beds range no higher dwin the superjacent unit Fourth, 
these time-stratigra^ic units are tested by detennining a similar dis* 
tributkm of fossils at some other more or lets distant locellKy. Re¬ 
peated testing proves the validity of the units for the entire geologic 
province. The sequence of Bme-stratigrapbfc units esUblished on such 
a basis would servo at a yardsttde, and iU application to more distant 
areas mey be justiSed if supported by valid pdeootologic evidence. 

With regard to field procedures, the following points should be noted 
eepedally: 

1. The sequence of strata sJicoW be contUwws. Unconformltiw 
and faulU roust be detected by mapping around each jKOvislooal 
section. 

2. FossHs must be located accurately. The pieci*lon of measure¬ 
ments must be well within the limits of the faunal changes used. 

3. The rocks must be of one facies. Lithologic studies must de¬ 
termine whether physical conditions were uniform; reworked ma¬ 
terials should be noted with care so that fossib of two ages will not 
be mixed. 

Hcfalions botween filhofepic end time-ttrallgrephk units. The 
time interval represented by a vertical section through a formation 
may vary considerably from place to place. Even where the Interval 
b constant over a lo^e area, the contacts of the formation are not 
likely to coincide with tbe boundaries of standard stages or series. 
Lithologic and time-stratigraphic units cannot, therefore, be used in¬ 
terchangeably. Where fossils are so abundant that ages of rocks can 
be determined at many outcrops, it may be possible to plot lines show¬ 
ing boundaries between time-stratlgraphic units. These lines must, 
however, be dbtinguisbed clearly from contacts between lithologic 
units. 

In some regions, extensive •’formations'* or “groups" may have been 
defined on the basis of age, or “series" or "stages" may have been set 
up and traced on tbe basb of utKOoformities or lithologic changes 
that are not necessarily time horizons. It b then necessary to sort out 
and understand tbe exbting nomenclature before beginning a new 
fidd study. 

12-4. Naming and [>et<ribing Sadimentory Recks 

Because of the history of sedimentary petrology, there is no tingle 
method for naming rocks with descriptive terms that also have genetic 
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meaning. Some names, u limestone, have only a compositjonal mean¬ 
ing; others, as sandetone, have only a textural meaning. Most sedi¬ 
mentary rocks, however, can be given names that are consistent and 
meaningful within any one rock group. Several such systems are 
presented briefly in this section. Not all the terms used are universally 
standard, and therefore field notes should include actual guantities 
that express textural arsd compositioaal characteristics. The ba sic 
draracteristics are: grain size, degree of sorting of detrital grains, 
shapes of grains (especially degree of rounding by abrasion), fabric 
of shaped grains, porosity, color, composition of the detrital fraction, 
nature and amounts of authigenic materials (as cements), and degree 
of recrystalUzatiOD or replacement. 

6ro/n size. The primary besis for naming detrital rocb U grain 
size. The size scale proposed by Wentworth, used widely in Amer¬ 
ica, is the basis for the cUssifiention shown in Table 12-2. The num¬ 
bers in the table are the limiting sizes of the various size classes. The 
pebble and sand sizes are divided into eqiul classes to facilitate de¬ 
termining the degree of sorting, as explained below. Pd>btes can be 
measured with a scale, while sand sizes are best determined by com¬ 
paring a given rock to a sand-size card. These cards can be made by 


ToW* 13-3. CloMMkaileA ef Oeirftal SsctlnwiH by Grab Olam«l«r 
Exact Approximate 

Size loch Name of Loose 

Limits Equivalents Aggregate 


>256 

mm 


>10 

in. 

64-256 

mm 

2.5 

-10 

in. 

92- 

64 

mm 

1.2 

- 24 

in. 

16- 

32 

w>m 

0.6 

- 1.2 

in. 

6- 

16 

mm 

04 

- 0.6 

In. 

4- 

8 

mm 

0.15 

- O.S 

in. 

2- 

4 

mm 

0.06 

- 0.1S 

in. 

1- 

2 

mm 

0.04 

- 0.06 

in. 

h- 

1 

mm 

0.02 

- 0.04 

in. 



mm 

0.01 

- 0.02 

to. 



nun 

0.005 

- 0.01 

in. 

Ka- 


mm 

0.002 

- 0.006 

in, 

Hee- 


mm 

0.00015- 0.002 

in. 

<Mas 

mm 


<0.00015 

la. 


Boulder gravel 

Cobble gravel 

Very coane pebble gravel 

Coarse pebble gravel 

Medium pebble gravel 

Fine pebble gravel 

Granule (or very fine pebble) gravel 

Very coarse sa^ 

Coarse sand 
Medium sand 
Floe sand 
Very fine sand 
Sih 

Clay (day-size materials) 
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sieving sand into the standard Wentworth divisions and gluing a 
pinch of each sixe fraction to a card graduated as Table 12-2. 

Da^raa of sortfAp. Degree of KXting measures the thoroughiMss 
with which a sediment has been winnowed or reworked by transport¬ 
ing agents. It it a valuable indicator of rate and environir>ent of deposi¬ 
tion, and it has been irsed to classify sandstones. Size sorting expresses 
the degree to which the grains approach being the same size. This 
is the measure of sorting used most widely; however, it should be re¬ 
membered that small graiiu of heavy minerals arc sorted out with 
larger grains of light minerals. 

To determiiM the degree of sorting in the field, the rode should be 
examined on freshly broken surfaces and on weathered (but clean) 
ones. It should be examined both parallel to and at ri^t angles to 
bedding As this is done, an estimate is made of the range of grain 
sizes that includes the great bulk (here 80 percent) of the detrital ma¬ 
terials. For sandstones, a sand-sizo card (see Cfoin size, above), can 
be used to estimate the lower size limit of the coanest 10 percent of 
the rode and the upper size limit of the finest 10 percent of the rock. 
These limib may thra be compared with the size scale (Table 12-2) 
to determine the number of size classes between them. This number 
gives a measure of the degree of sorting and it may be recorded in 
the notes or converted to sorting terms such as th^ suggested in 
Fig 12>1. This figure should be used for rocks consiiting mainly of 
sand or small pebbles; finer-grained materials cannot be dassified 
precisely in the field, and coarse conglomerates require spedal con¬ 
siderations. 

By far the greatest erron in estimating degree of sorting occur when 
dark sand grains are mls-identified as very fine-grained matrix mate- 



Hf. ll-i. Terms For degree* of softtaf. The nsaben Indicate the munbet of stae- 
cloae* included by (be graot buOc (W percont) of tbo mateeiaL Th* drawings 
represent sandstones at toim with a hand leas. Sik tad cfay-«he materlaU are 
tbowB diapainmaticaU)' by dte ItM lUpple, 
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rihls, esp«dA)ly where graiiu have recryfiaJIized. An ewtminaUon of 
a«ocitttod rocks can often resolve this difficulty (coarse-grained 
laminae may show the grains more clearly); however, petrographic 
work may bo needed. 

Rounding. Abrasion or rounding of grains is used to distinguish 
conghmwite* from breedaa, In which gravel-size grains are angular. 
Unllthified aggregates of angular gravel-size clasts are commonly 
called rubble. Generally, the degree of rounding in finer-grained 
rocks is not used to name them; however, it should be estimated and 
included in descriptioiu of sandstones. Rocks that contain both 
angular and well-rounded grains are of particular interest because 
they may have been derived in part from former sedimentary rocks. 
The grain modeb shown in Fig. 12-2 can be used to estimate degrees 
of grain rounding. 

fabrU. Platy and linear grains may be oriented so as to give a 
directional fabric. The fabric b ptonar where platy grain* jj© more 
or less parallel and linear where elongate grains are parallel. Fabrics 
can affect such directional properties as permeability to ffuids and 
response to deforming forces. Fabrics can aUo be used to esHmate 
attitude of bedding and directions of current flow (Section 12-4). 

Reresfty. The porosity of a rock b its amount of pore space, gen¬ 
erally expressed in percent by volume. Permeability to the trans¬ 
mission of fluids depends on the porosity and on the size and inter¬ 
connected nature of pores; consequently, these properties should be 
described u completely as possible in field notes. The origin of the 
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larger pores can often be tietennined by band lens study. In calcar¬ 
eous rocks, for example, some pores can be seen to be irregular chan¬ 
nels formed by fracturing, leaching, or alterations {as dolofnltization): 
other pores may be partly filled openings in fossils. Porosity in 
detrital rocks may depend on sorting and the degree to which grains 
have been packed and cemented. Poroiilies are commonly increased 
or decreased greatly by weathering. Fresh outcrop samples can be 
used to estimate porosity at d^th; however, the freshest rocks at a 
given exposure may be misleading since they are generally those with 
the lowest original porosity. 

Color. Color can be used effectively in ouipplng and correlations 
if its causes are understood. Rock color depend not only on the color 
and grain size of the original sediments but also on their cementing 
materials, the degree to which they have recrystalhzed. and, especially, 
the degree to which they are weathered. The secondary origin of 
colors can often be detected because the pigmenting minerals occur 
along fractures, cut across bedding, or are related to the surface of 
the ground. Even moderate weathering may change colors so much 
that fresh colon can be seen only in deep cuts, tunnels, or well cuttings. 

Color terms should be standardized by comparing rocks to color 
charts, such as the rodc-color charts that can be pur^ased from The 
Geological Society of America, or the soll-color charts of the Munsell 
Color Company (see Soils, Section 1^11). Colors for both dry and 
wet samples should be recorded. 

Neinln0 mittutM of mafrialt. Detrital rocks made up of grains 
of various sizes derive tbeir name from the size class that is most 
abundant (except for certain conglomerates and brecdas). The 
names in Fig. 12-3 may be used for various miztxires of detrital and 
nondetrital materials. Mixtures containing substances not shown in 
the diagram can be named in a similar way, as ferrugbiota sandstone, 
fi^/erOM clt^fstone, and so on. 

Sandstones. Rocks consisting mainly of sand-sized grains are espe¬ 
cially useful in field studies because their textures and compositioDS can 
be determined rosulily. Furthermore, an avenge band specimen is 
ample for petrographic and permeability studies. Names for sand¬ 
stones should be based both on degree of sorting and on compos i tion, 
as in the system proposed by Gilbert (Williams, Turner, and Gilbert 
I9S4). In this system, the name orenit* is used for relatively well- 
sorted sandstones, ud the name wacke for more poorly sorted sand¬ 
stones (Fig 12-3). These rodcs may be classified further on the basis 












218 


Manval of fiM Gaohgy 


QomLVMcom. 
•nd etwrt inins 



Hi- i>-4. Nuam for vuigw wnd>»nori, bMad oo Mmpodttoo. Tba naaia for 
■ rode OH) ba foued by (1) <letenniakig Um uiountt of tbo vuioof mteofkl ond 
rock gnhu in H. (8) mnunteg thcM acoouitt into tlie tkrae gnwpi tbawn at Cho 
oomtn of tba trtengic, md (3) udm ibo preportiora betwoen the thiw groupe 
to oMmate t point to the triangle. A poorly wrtod tOAdMooe with equal amounts 
of quarts, faU^. and ible grains, far exaapW, would toll at point s (a Uthle, 
feklipalhk wadca). A wall>torted mn dstona whoa# grains an all quarts accept 
fv i5 peroant of feldspar and a few pcKant of Utbk giatos would plot at point 
a (a fddspathlc aranito). 1/ aom otte mtoanl forms atore than 10 porcont of 
Ibe sand. ^)ectlv«a such u bioHrte stwuld ba tuad. From a dtogram soppltod by 
C M. Cdbert (an also WlUtoms, Tuner, and Cflbaft. 19M, pp. 208-883). 


of the composition of the detrital grains (Fig. 1^). Sandstooes in 
which caicitic sand grains are abundant will be considered In the 
section on limestones. The tenn groytoadee is most suitable for 
strongly indurated dark'Colored wackes. 

fiM-gralatd d*1rHal recks. Although all fine-grained detrital rocks 
are often called sfwle in the field, it Is possible to classify them more 
usefully. The basic size terms, iilMoRe and cl^^isfone. can be applied 
with confidence to most well-sorted rocks. Well-sorted siltttooes can 
be identified with a hand lens or by tfaeir gritty feel (especially when 
rubbed against the teeth). Claystones, on the other band, are 
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aphaniWc to waxlikc. They can be out or scraped smoothly with a 
knife and have a smooth, soapy feci when wet. Nearly equal mixtures 
of silt and clay may be difficult to identify without a microscope. 

The term shale (as. silty shale, clay shale) is best reserved for rocks 
with prominent bedding cleavage (fissiUty). Many shales also show 
thin laminations. Mudstone is a useful field name for mixtures of 
sill and day that have a blocky or spheroidal fracture and arc typically 
unlaminated. Finally, argilUtes ore highly indurated (generally re- 
crystallized) claystones and siltstones that break into hard, angular 
fragments. They can be distinguished from calcareous or dolomiUc 
mudstones because they do not react artd crumble in adds. 

Cenp/omarofes end breccias. Field studies of conglomerates and 
breedas must be especially thorough, for these rocks are generally too 
coarse to sample for laboratory analysis. Mixtures of gravel size and 
finer materiak may be named as shown in Fig. 12-9. Where the fine¬ 
grained materials of the matrix make up about 25 percent or less of 
the rock, the larger fragments, if fairly well sized, will touch one an¬ 
other. The concept of a well-sorted conglomerate is therefore some¬ 
what different from that of a well-sorted sandstone, where the matrix 
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may be far less abundant. Both the matrix and the gravel-size hrag- 
ments should be described. 

Most pebbles can be identified as rocks, and therefore conglomerates 
are particularly valuable in determining sources of sediments. Hie 
large fragments should be tabulated by systematic counts, as by mark¬ 
ing off an area on an outcrop and identifying all the pebbles and 
cables that fall within its perimeter. Fragments that are physically 
weak (is claystooes) or diemically unstable (at limestones) can 
provide evidence as to the nature of the transporting agent or the 
amount of transport. Surface effects such as polish, scratches, sand¬ 
blast fluting, cbamkal corrosion, or abraded relics of old weathering- 
rinds can be used to interpret conditions of transport and deposition. 
Mixtures of well-rounded and angular fragments, or presence of 
broken rounded pebbles, may indicate reworking of older conglom¬ 
erates. Conglomerates and breccias can form In many ways, and 
accounts such as duse by Pettijohn (1957) or Dunbar and Rogers 
(1967) should be read before studying these rocks. 

limatlonei and rohtod recks. Although they are commonly re¬ 
crystallized or replaced to varying degrees, limestones should be named 
as much as possible on the basis of primary textures. This can be 
done by examining many samples with a hand lens, both on freshly 
broken and on slightly etched, weathered surfaces. The textural con¬ 
stituents of the rock should first bo classified into the following groups: 

1. Abraded biogenic grains, limestone fragoMots, and accredonal 
grains (oSids, pUoliths). 

£. Untbtad^ fossils and fecal pellets. 

3. Fine-grained carbonates (originally caldtlc or aragonitic mud). 

4. Noncalcaroous detrital grains. 

5. Cements (especially phanerocsyrtalliite calcite). 

Materiab that have been worked and deposited by currents will fall 
dominantly in groups 1,3, and 4, and rocks consisting of these materials 
can be named on t^ basis of their size sorting (Table 12-3). In addi¬ 
tion to their textural characters, these rocks may show laminations or 
cross-bedding. They are commordy interbedd^ or intermixed with 
size-sorted, noncalcareous rocks, and if the bmestorses have reciystal- 
Ifzed greatly, this relation may provide the only means of determining 
their origin. Limestones with gravel-size clasts can be called lime¬ 
stone conglomerates or caldrudites, but if the large clasts are fossils, 
such names as Wielfy calcargnite and tpirifer calcarmUe are generally 
more useful. 
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Tdbto 18-4. NamM fw DMrMal LW»oam. lc%^ m «f Sorting 

FW- 

OJo- Poorly cortMl «a]c- Cdlcmrenitic fioa- grained 

ureoite venite (cticwacka) grained Umatone limestone 

_!_ I I 

»n rn ns- 

Ratio of sand sixa to finer-grained detrital cerbooetes 


Limestones coDsisting esseotially of groups 2 and 3 have probably 
accumulated after little transport, and tbelr degree of sorting is of 
little consequence compared to the nature of the fossils they contain. 
Where shelly fossils dominate, the general tenn coquMte may be 
used, and it can be modified by fossil names, as gpirifer coquMtt. The 
name pelletU^ is useful for rodcs consisting mainly of peHets, but these 
structures are generally loo small to be seen without a microscope. 

Caldte is by far the most common cement, and it typically forms 
rather coarsely crystalline aggregates that are so transparent they ap¬ 
pear dark on smooth surfaces. This cement is especially abundant in 
well-sorted detiital limestones, accumulations of fossils with hollow 
parts, and in openings formed by breedation or leaching. It is an 
important indicator of the originiJ porosity and therefore of the po¬ 
tential porosity of a rock. Other cements and authigonic minerak may 
be designated by adjectives such as Mceous and g^/psiferous (F^g. 
12-3). 

The degree of recrystallization and dolomltlzatlon should be re¬ 
corded in the notes and plotted on maps. Alteration can thereby be 
related to original sedimentary structures or to fracture systems and 
igneous bodies. Altered rodcs should be classified primarily on thdr 
original characteristics (as doUmUized caicarenUe), but if primary 
features are eradicated over large areas, they may be dassified on the 
basis of color, sizes, and shapes of secondary grains, or relative amounts 
of dolomite and caldte (T^ie 12-4). 


Table 12-4. ClaulAeotion «f UnwlonM and Oalembot. by Coaipesilloa 
Limestone Dolomidc limestone Caldtic dolomite Dolomite 

I _^_ 

9:1 1:1 

Ratio between the minerals caldte and dolomite 


1:9 
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12-4. B*dt ond lt«lal«d StructwrM 

Tbe layered or bedded nature of sedimentary rodcs is produced by 
differences in texture, composition, or color of the original sediments. 
These differences are caused by changes in ooikditloiu at the site of 
deposition or at the source from wbi^ the sediments were derived. 
Bedding features are therefore of great value in interpreting the origin 
of sedimentary sequences. They may also be the most useful single 
basis for tradng or correlating formations one place to another. 

Bedding provides a valuable structural datum because it is parallel 
to the surface on which the constituent grains accumulated. This 
surface, however, need not necessarily have been horizontal or planar. 
Furthermore, although bedded rodcs commonly deave parallel to 
thdr bedding, tbe platy fragments may be either thicker or thinner 
than the beds themselves. Prominent secondary cleavage can thus 
be mistaken for bedding. Secondary features such as rhythmic stains 
or cemented layers can also be more apparent than primary bedding. 

Before bedded rocks can be descrlb^ at the outcrop it is nec¬ 
essary to determine what constitutes a single bed. Genetically, a bed 
represents a depositicnal episode during which conditions were reU- 
Hvely uniform. Practically, a bed is a layer that is sufficiently distinct 
from adjoining layers so tbit it can be measured and described. Where 
each bed is nearly homogeneous or grades evenly from one extreme 
at tbe base to another at the top, the choice of beds presents no prob¬ 
lem. Where thicker beds contain thinner beds or laminations, it it 





Ht- ts-4. Varfom beds and sets of beds. 









FMd Work wHh Stdiitmtiary Aodct 


223 



ia-7. ThM* cyclic repcdtlow (left) and three rhythmic lepetitloru in 
rocfa. The Htholofic lymboU ire mpkioed in Appendb 5. 


neoessaiy to determine which uniU have the greatest genetic and 
practice! vahie. Commonly, the thinner bods are subordinate features, 
caused by moderate fluctuations in the condiHoni that produced 
the thicker, more distinctive layers, l^ess commonly, the thinner layers 
are as clear and genetically significant as die thicker composite layers. 
McKee and Weir (1953) suggested the useful term set for these 
groups of closely matched thinner beds. Figure 12-6 shows examples 
of simple and complex beds and sets of bed s, 

Aepeofed sequences of beds. Repeated occurrences of certain kinds 
of beds or sequences of beds give some sedimentary units their most 
stiildng character. These repetitions imply cyclic or rhythmic changes 
in sedimentation processes or conditions and should therefore be 
studied and described. Cyclic repetitions have a sequential order 
such as A, B, C, A, B, C, etc., while rhythmic repetitions have a se¬ 
quential order such as A, B, C. B. A. B, C. 6, and so forth (Fig. 12-7). 
Although complex cycles and rhythnis are rarely perfect, they are 
uniform enough in some units to have genetic significance. 

SAopes of Individual hods. Where exposures are adequate, beds 
can be classified descriptively as tabuJor, Unticular, Unear, uwdge 
shaped, or irregular. If quantitative comparisons are needed, the 
lenticularity or linearity of a bed may be expressed by the ratio of its 
maximum thickness to its lateral dimensions. Typically, the lateral 
dimensions of all but thin or very lenticular beds cannot be detennined 
with confidence. Still, even limited data may prove useful; for ex¬ 
ample. notes may read, "beds 1 in. thick can be traced for 200 ft" or 
"beds appear tabular for as much as 32 ft" 

Crosj-hodd/nq. Cross-bedded units may be classified and com¬ 
pared by the following geometric crilcrU: (1) whether or not the 
base of a set of cross-beds is an erosional sur^ce. (2) gross shape of 
the set, (3) pattern of beds within the set, and (4) thkkneases of sets 
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H«. IM CroM-bedded locki. (A) Ttbular Kts with dUfonAl ptKerm. (B) 
Wedfs Mb, tk>wla| coiwidanble emton betwean «ach i«t. (C) Tabular to 
bBlIcuW a«b wMh bngonHal potieru; typicalV, lb«M ara lamiiutad marliM boda. 
(D) SrmiDctrtcal tmigh leb wttb dlttlactly l(M*r axw; typteally. thaM are lario- 
•caia fluvial ^Mtaraa. The amwi iadicate currant directioai. 


and individual beds (or laminatloiu). A few selected etamples and 
terms are shown in Fig. 12-8, adapted in part from classifications by 
McKee and Weir (1953) and Lowell (19^). Cross-bedding is par¬ 
ticularly useful in determining current directions, at discussed below 
ui>der Internal features. 

riiickiwss. Tliickness of beds it a particularly useful aspect of their 
Dwrpbology. Actual thicknesses should be recorded in all cases be¬ 
cause the limiting dimensions of terms such as thickly bedded and 
(hJn^ bedded have not been standardized widely enough (see Ingram, 
1954). It is here recommended that the term laminae (or lamina- 
lions) be used for thin subordinate layen within a bod (Pig. 12-6). 
Thicknesses of laminae typically vary with graio size. Beds of coarse¬ 
grained sandstone are likely to have laminae ^ to 1 in. thick, whereas 
a bed of clay sliale % in. thick might have anywhere from a few to 
many laminae. 

The maximum, minimum, and average thickness of beds at a given 
outcrop should be estimated, and where more than one kind of rock 
or bed is present, thicknesses should be recorded for each. Thick¬ 
nesses of M sets should be recorded, as well as typical thicknesses 
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of laminae or other subordinate bedding features. In all cases, how¬ 
ever, the precision of the estimates or measuronents should be gauged 
suitably to the regularity of the beds and the purpose of dte study, 
for measuring beds cam become involved and time consuming. 

Infrnaf f»atur»». A bed may be internally homogeneous (structure¬ 
less or massive); it may be graded, or it may be laminated in a variety 
of ways (Fig- 12-6). Internal features can be used to interpret con¬ 
ditions of depostUoo as well as stratigraphic tops of beda The dips 
of cross-strata or cross-laminae give a valuable measure of the current 
direction. This direction should be plotted on the map as an arrow 
rather than a strike and dip symbol Wherever possible, the average 
direction of current flow and the degree of variance from this avertkge 
are determined by taking readings on several beds at each outcrop. 
If the readings vary no more than about 10* from the average, a single 
arrow may be plotted. If the variance is greater, the individual read¬ 
ings may be plotted as a radiating set, or may be recorded for more 
thorough artalyris in the office. Plotted dip arrows should represent 
cross-bedding of one type, espedally where rocks are not of msuine 
origin. Trough-type sets, for example, show a great range of dip 
directions: where exposures are adequate the trough itself b the most 
useful linear element. Lowell (1665) has described a field study that 
utilized various types of cross-bedding. 

Where fine sand or silt accumulates on a current-rippled surface, 
it may build up a strikingly laminated bed by accumulating on the 
dowiutream slopes of the ripples (Fig. 12-9A). Thb type of bedding 
gives an excellent measure of current flow and depositlonal conditions, 
but unlike true cross-bedding, the layen of superimposed cross- 
laminations dip upstream. 

Folding and other internal flow structures in beds can sometimes be 
used to ascertain the direction of slope of the original deposits (Fig. 
12-9B). The oontectonk origin of these structures can generally be 
proven because the beds are intercalated in sequence with undeformed 
beds. Commonly, the upper surfaces of deformed beds have been 
eroded moderately before the overlying beds were deposited. Un- 
deformed animal borings can also be used to determine the early de¬ 
formation of beds (Fig. 12-9C). Slope and current directions need 
not necessarily be parallel, and therefore a distinctive arrow should 
be used to plot each on the map. 

Abundant filled animal borings ("worm tubes**) are characteristic of 
some sequences. *rhe stumping of fine laminations into large borings 
may give an indication of tops of beds (Fig. 12-8D). 
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My. 19-9. (A) CumM-rIppUd Ivntiwtlon* that givt an ovarall IrapreMlon of 
cfooi-beddhig. Cuncnt direction diown by anew. Terrace of Tnidtw River, eait 
of Reno, Nev. (B) Plow^olded OOM kminttionr hi Cretaceous undstone bed 
near PL ConceptiOD. Ceilf. Both the orlgiaal current aacl the fubrequent Sowace 
were from ri|bl to left. See abo PraMke (1960). (C) Filled animal borings 
(arrows) caMac foldod lasntnatlOBS. Note p«U-apart itruoluree In thiimer aand- 
stone beds. Drill core of Upiper Peontylvanltn rocks from Runnob Co., Texas; 
courtesy of M. K. Blaustein. (D) FIIM animal borings In Cambcian Pipe-rock 
(quartzito), at Molne thrust eart of Lech Stack, ScodancL 


firiernof fabric of bode. Planar fabric in a dotritai bed is parallel 
(0 (he surface on whidi the grains were deposited, and linear fabric 
indicates the current direction across this surface. Pebbles, fossils, 
chips of mud or shale, and fragments of carbonized wood are particu¬ 
larly useful elements of fabric because they are easily seen in outcrops 
(Fig. 12-lQA and fi). Possib shaped like saucers tend to be turtved 
convex side up by a cunent, and tb^ may also show imbrication (Fig. 
12-lOC). Where they are oriented with their convex sides down, 
they may have settled into position and been covered directly, perhaps 
during the evolution of a turbidity current (Fig. 12-lOD). Elongate 
fossils can also be oriented strongly by currents; acutely pointed shells 
like those of turritellas, for example, tend to lie with their apices point¬ 
ing upstream. 

Detrital micas, chlorite, feldspar plates, and small leaf foagments 
commonly be parallel to bedding, a^ elongate plant fragments and 
mineral grains may fonn a linear fabric. These fabrics usually impart 
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a planar Bssility to bods that are otherwise structur^ess; thus they 
help detertnine bedding directions in very Uiick, homogeneous beds. 
Grain lineatlons can often be measured on surfaces that parallel the 
bedding. 

fteorienf/no //near data. Current arrows and slope arrows measured 
in folded or faulted sequences should be reoriented as nearly as pos* 
sible to their original positions before being used to analyze ancient 
slopes and ctirrents. In most unmetamorpbosed sequences, the cor* 
rectiOD can be made by rotating the tilted beds bade to their original 
(typically horizontal) position. This rotation is made about an axis 
that lies parallel to the axis of the fold on which the beds occur. Where 
outcrops are rugged ai>d great precision is not required, this can be 
done in tbe field by rotating a piece of Uneate rock into its approximate 
original position and then taking a compass reading on it. Tbe cor¬ 
rection can also be made by reading the orientation of the linear struo- 
hire as it lies in the outcrop and then using a stereographic projection 
to make the rotation (Phillips, 1954; Badgley, 1^9). Beds that have 
been folded strongly more than once, or that have been ceused to 





ns. IS-IO. AiranCMnants of Wga fracments in cron sectioas of bed*. (A) Bed- 
ding-pl«n« orientetlon of mudstone frsLcmeots in Upfwi Cretaceous sandstone of 
SanU Aoa Mts., Calif. Note revene iise-Kradla( of fraffneiiti. From a photo- 
graph by C. A. Hopson. (B) Imbdcale structure. Planar cobbles tend to dip 
upstream and linear cobbles tend to pluoge upetream. Genenlbed from dissected 
terrace gravels of Pac h e c o Pan area. Calif. (C) Stable position of Urge clam 
shells reUUve to curres^t. (D) OrienUHon of dan sbeOs In a graded Palsocene 
sandstooe bed la the Arroyo Seco, Monterey Co> Calif. 
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flow or sbeu during folding, can be reoriented oa\y after a detailed 
stud)' and anal)'sis of the deformation. In any case, reoriented struc¬ 
tures should be plotted or recorded in such a way that they will not 
be confused with structural data that have not been reoriented. 

12-5. Surfaces between beds 

Surfaces between beds may be smooth and essentially planar or may 
show features caused by rippling, current cut-and-ftU, compactive 
loading, dowQslope movements, movements of animals, desiccation, 
or combinations of these processes. These features are classified below 
on a genetic basis. Because the origin of some of the features is con- 
(ectural, each case should be examined with care. 

Itippfa morics. Ripple marks may be classified as as\fmmetTic or 
current ripples and s^metric or otcillation ripples. Current ripples 
generally lie at right angles to the local current diioctlon. their steeper 
side facing downstream (Pig 12-llA). Oscillation ripples lie at 
right angles to the direction of wave propagation (Fig 12-llfi), 
although they frequently show complex shapes caused by interference 
or superposition of waves. The pointed aests of well-formed oscilla¬ 
tion ripples can be used to determine the tops of beds. A number of 
observations and directional readings should be made where possible, 
for ripples with aberrant shapes have bcosi described. 

Cvt-ond-fiff sSrvctvres. Linear cut-and-fill structures are especially 
useful because their trends indicate local current directiosu, and 
their shapes may show which is the top and which the base of bods. 
Cut-and-fliled channeb at the base of conglomerate or pebbly sand¬ 
stone beds are among the largest and most obvious of these features, 
and they may form in either fluviatile or marine sediments. Smaller 
markings are typicaDy formed where currenb laden with silt or saesd 
scour depressiom (o argillaceous sediments, or where pebbles, shelb, 
wood, or dbplaced seaweed drag or bounce agaiirst the bottom. The 
origiiuJ markings can be seen In cross sections of beds but are rarely 



is*ll. CurroDl tod (Mcillatim ripple nurkt in nnl. Arrows iodicate direc- 
lioa of curreni end of wave propogsUon. 
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Kf. la-tl. LinoMf ctnicturM fotRMd by cumaU. (A) Piute eua wMk pfpmincntly 
beeked ends on bottofn of Eocene aeditorH beds wwt of Stanford. C^. Coiir- 
teey of B. A. Schmidt. (B) Simple lute csuts on bottom of Upper Trtemtc eend- 
Rooe bed from Santa Ron Hanpe, Nev. (C) Current groove ceaia, one sat ngwr- 
imposed on anniheti Upper Titanle eear Izee. Oregon. From a pkotognph by 
W. R. Dickinson. (O) Subdued ct#Tent Uneatlons on fop of undstone bed. Ceo* 
erallzed frtMa various nnHstnne flags. See also Slokea (1953). All blodci are 
1 ft acsota. 


preserved in three dimemions because the underlying shale or mud¬ 
stone is almost always eroded more readily than the overlying sand¬ 
stone. The structures occur commonly, however, as reversed three- 
dimensional casts on the base of the overlying sandstone beds. The 
terms used most often relate almost entirely to these reversed forms. 
Flute casts are elongated in the direction of the current and have a 
roughly triangular, spoonlike, or beaklike shape, with (he more promi¬ 
nent or pointed end directed upstream (Fig. I^IZA and B). Groove 
casts are simpler elongate features that give only the orientation of 
the current (Fig. 1^12C). CroweD (1965), Kucnen (1957), and 
Wood and Smith (1969) have described these features In detail, par¬ 
ticularly emphasizing their relation to turbidity currents. 

Another type of current lineation that forms in laminated or thin- 
bedded sandstones consists of subdued lines or sUbby, linear plates 
and low ridges on bedding cleavage surfaces (Fig. 12-12D). This 
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ABC 



Ha- Idwliied wetlon* of ciit«utd>fiD mkI fetdlitf ttrudww. (A) Simple 

cut<eiid*01) la laailnalMi eluile. Note conceatraUoea of coerter metwlab. (0) 
Cal-ead-fill with awdereto loadiai. M ihown by bending of laminae. (C) Load* 
ing ftructare* wHh tittle ot no cu(‘and*Kll. 


linear structure is probably formed by accumulation and streamlin¬ 
ing of grains into trains and wlr>drow-Iiko ridges by currents. Although 
it may iwt be a cut-and-fill structure, it is included hero for sake of 
comparison with flute and groove casts. 

Load costs. Where water rich muds are overlain by a layer of 
coarser detritus, there is a tendency for the coarser materials to pocket 
or load downward into the mud where the surface between them is 
somewhat depressed. The original depressions can be formed by 
current cutting, by rippling, by movements of animals, or by unequal 
oompactiOD. and therefore the downward-kutded bodies of sand may 
have any shape from distinctly linear to equidimensional or irregular 
pockets. They are called loiKf casts because they are typically pre¬ 
served on the base of sandstone beds. Crowell (1955, p. 1360) sug¬ 
gested that lioMT load casts may result directly from cut-and-flll where 
a turbidity current is heavily charged with detritus. If laminations or 
large sand grains can be found, relations sudi as those shown in Pig. 
12-13 can indicate the relative degree of cutting and loading. In any 
case, load casts can be used to determine stratigraphic sequence. 

itructvras fermeef by creep, drag, and sliding. Sediments can be 
folded or disrupted by creeping or slkliog downslope, and materials 
deposited from dense turbidity currents may be contorted as the 
currents drag against them. These movements commonly overturn 
projections of mud between sand pockets (Fig. 12-14A). With 
greater movement, the pockets may be complexly folded or rolled 
(Fig. 12-14C}. Internal laminations are an important key in determin¬ 
ing the sense of tlsese movements (Figs. 12-80 and C). Gravity sliding 
may fold, disrupt, and interject sediments on such a large s^e that 
the effects can 1 m seen only at large outcrops (Fig. 12-146). 
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^ S«ctio)M iliowlaf cieop and Scwiga f«atuM, with mam of movomeat 

toward loft. (A) AaynmoUic poduti at boM cd graded, Umtootad. and 
rippled sandxtone bod. Upp« Cretocoou) of SanU Luda Range. Calif. (B) 
Slump overfold of audatona bad; CrfiKlttooe Ctk., Claim Co.. Cahf. After Cru^l 
(1957. p. 1000). (C) FWaga foida, roll*, and puU^pait itruetoro In Mndttone 
badi in argillacecut malatiab; there li a moderate Unmtion at right aaglai lo the 
page. Larga core of Upper PeoofylvanlaD rodet from Rtmneh Co., Taaaa; courtaey 
of M. K. Blautiadn. 


Anfmof morJcfnps. Tber« Are a great variety of anhnal markings, 
but by far the commonest in marine beds are roughly cylindrical bodia 
that are 0.02 to O.S in. in dian>eter and appear to be the fillings of 
tubes, burrows, or probe holes in loose sand and mud. They are useful 
indicators of tops of beds because they are typically preserved on the 
bottoms of sandstone or siltstone bods that lie on shale or mudstone 
beds (Fig. 12-15A and fi). Less comntonly, marks are made by 
animals that craw) on the bottom or by the percussion of swimming 
animals that vault against it. Shallow water or siibaerial 
may bear the tracks of larger animals (Fig. 12-15D). The positive 
and negative faces of these various marks can be recognized in most 
cases and can be used to determine the tops of beds, They also pro¬ 
vide a means of determining the relative age of deformation of soft 
sediments (Fig. 12-9C). 

Merits In dotiteatmd t^dimonts. Alternately desiccated and wetted 
sediments may show mud cracks, trades of terrestrial animals, per- 
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(A) DiMinctlvc and] uinul intrlcinp on botton of i)De>gnln«J ma(I> 
Mm flat; Upper Triuiie of Sanu Rom Range, Nov. (B) Tubular promlnenoM 
oa bottom of PaWooom HodMone bed fnm Santa Lucia Range, Calif. (C) Mud- 
cmcki in dlly chyMOM, Riled hy randy cbyxtanei from Colorado Plateau region. 
(D) Cart of dinoMur footprint on boiton of r^ randitono bed from Portlaod, Oim 


cussion marks of hail and rain, and impressions of ice or salt oyslaJs 
(Fig. 12-lSC). As with other surface markings, these forms are 
most commonly preserved as casts on the base of silty layers that over- 
lie the layers of mud on which the marks were made originally. 

13-6. Unconfermitias 

Unconformities are surfaces of erosion or nondeposition that are 
eventually covered by younger strata. These surfaces have two im¬ 
portant stratigraphic values: the amount of strata removed by eroeion, 
tod the time Interval during which no sediments were deposited. 
These values may be consistent over large areas or may vary ap¬ 
preciably in short distances. They can be determined by detailed 
mapping ai>d by hunal studies of the rocks just above aivd below the 
unconformity. A third important value associated with many uncon¬ 
formities is the structural discordance of the overlying and underlying 
rocks; this discordance gives a measure of the deformation associated 
with the unconformity. 

Most major unconformities show some angular discordance; maps of 
lithologic units provide the best means of detecting them. Angular 
relations at single outcrops, however, may be misleading: they may 
have been caused, for example, by sliding of sediments or by faulting 
at a low angle to bedding. Faults can often be distinguished by a 
zone of sheared or breedated rock, as well as by other means (Sec¬ 
tion 4-11); however, some angular unconformities have been modi¬ 
fied by local shearing so as to look like major faults. Angular uncon- 
formlties that have been obscured by a later period of folding can 
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sometimes be detected by comparing stntctures of the younger se¬ 
quence with those of the older (refolded) sequence (Secdons 15-7 
and 15-11). 

Unconformities without appreciable angular discordance can be de* 
tected by the following means: 

1. Fossii record. Unconformity is proven by superimposed faunas 
of disdrkctly different ages. 

2. Contrasts in sediments. Units formed under cootrastiog condi* 
dons indicate unconformities. Examples are: nonmarine beds over¬ 
lain by marine beds, cross-bedded sequences overlain by sequences 
of graded beds, calcarenites overlain 1^ fine-grained limatones with 
unabraded nektonic fossils. 

3. FossU soils. Subaerial weathering profiles may be preserved as 
day-rich, reddened, or ocherous horizons, and locally even as humic 
layers. These materials may also be incorporated in the bar al layer 
of a marine sequence. More rarely, old subaerlal surfaces may be in¬ 
dicated by lag gravels, sand-blasted pebbles, attached fossil plants, 
surficial travertine deposits, or fossil caliche layen (Section 12-11). 

4. Local angularity. Cross-cutting relations may indicate discon- 
fbimity If cut-and-fill in loose sediments can be disproven (Section 
12-5). A solid substratum may be indicated by encrusting or rock¬ 
boring animab. Fragments of the underlying bed are significant If 
they are not argillaceous or esdeareous. Pocketed surfaces between 
limestone beds are significant if they bear residual day or chert nodules, 
but irregular contacts in thenudves are not (consider the irregular 
forms of biogenic reefs). 

5. Nondeposition. Submarine surfaces on which accumulatioo is 
very slow may grade laterally to disconformlties. These surfaces are 
indicated by thin layen rich in glauconite, bones, phosphatized sbelb 
or nodules, fecal debris, silicified sbelb, or manganiferous nodules. 
Where weathered, the surfaces may be indicated by discolored to db- 
tinctly ocherous zones. 

12—7. Tops and Bettems of Bods 

Known sequences of stratigraphic units provide the surest basis for 
determining tops and bottoms of beds. Until thb sequence b estab- 
Ibbed, however, tops and bottoms should be determined by criteria 
such as those described in the three foregoing sections. If there b 
any question as to the dependability of one criterion, others should be 
sought Features that do not have clear genetic rignificance can some- 
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n-ii. PoHlb u Indication ol topi of bed*. (A) Biyotoo, bemadea, and 
other encrusriRg anlnala on eipoied top* of didb and cebbiM. (B) Rndltu or 
todW-liko pebcypodi In growth potIUoo. (C) Sholb of SehtuMhaana (Torltofy) 
or rhofadoroiM (Mcaozoie) may b« foaf>d tundlng In Hving pocitfon* (left), 
whereat Inmulvalvcil pekcypodt will he on tbdr more convo* valve If buried 
alive. (D) Starfith and ecblnoidt wch at tea urchfau tend to Ua with theft lal 
ventral (oral) dde down. (B) Root-liko rtruaurea of crinoidt branch downward. 
(P) Sobtaiy oorab attach at bate and branch outward and upwatdj colon ial cotalt 
and ealcareou* algaa tend to grow outward and upward to give e convox form 
facing upward (but not on tteep or overhanging aurfaoea of roefa). (C) Animal 
holaa drilled ta rodt tubatratum lend to open upward. (H) Partial flllingi in 
eaviilaa of buried tbelb indicate original dip of depodU. Condenaed and modi- 
ied hon Soperpodiion of Hfoto by S. W. Mullw (IQiSa. Stanford (Jnlvenity). 
teproducod In CMimM, 1090, v. 3, noa. S and 7. 


tCjn« be tued locally after being tested empirically. A well-exposed 
section might show, for exnmple, that abundant animal borings occur 
everywhere on the bottoms but nowhere on the tops of sandstone beds 
(n a given formation. This criterion could then be used to determine 
tops of beds at isolated outcrops of this formation, though It might be 
unrcKable for beds of anotlier formation. 

Graded bedding and cross-bedding are used so widely to determine 
sequence that a few precautions are necessary. Although grading from 
a Goener bese to a finer lop b by far the most common, the opposite 
rriation has been observed. Thin rilt-and-clay beds (varves) and 
argillaceous sandstone beds that grade upward to more argillaceous 
materials are by far the most dependable. The grading of well-sorted 



235 


FitlJ Wcti S*dimMfory Rotkt 

Modstones and conglomerates is ahvayi suspect Cross-beddtng Is 
generally more difficult to interpret in finer-grained marioe beds than 
in coarser rocks, mainly because distinct cross-cutting relations may be 
scarce in the finer-grained rocks. The baso of a set of fine-grained 
laminae may curve into tangency with the underlying beds; however, 
the tops of cross-laminated beds may show the same relation (Fig. 

ia-8C). 

Tops of beds as well as ecologic conditions can be determined where 
a large number of unbroken fossib are found in living positions (Fig. 
12-16). Partial sediment fillings in hollow fossil forms indicate both 
the tops of beds and their approximate iiutial dip (Fig. 12-16//). 
Shrock (1948) has described a^itional criteria for determining tops 
of beds. 

Where beds are so structurally disturbed that top-and-bottom criteria 
must be sought at many outcrops, structure symbob should indicate 
where these criteria have been observed. A small dot or other mark 
may be added to strike lines where beds are known to be upright 
(Appendix 4). The symbol for overturned beds would then be 
only where beds are known to be overturned, while the ordinary 
bedding symbol would be used where beds could be either upright or 
overturned. 

12-6. MeetuHng Stratigraphic Sections 

Measuring and describing rock sequences is a basic stratigraphic 
procedure. Stratigraphic sectlom with accurate fossil locations are 
used to interpret geologic history, to work out complicated structures 
in nearby areas, to establish lithologic and microfossil control for drill- 
boles. to serve as type sections for r^ units, and to help solve regional 
problems. 

Localities for measuring detailed sections should meet these re¬ 
quirements: (1) the structure must be simple or must be so well 
known that complications can be resolved, (2) the sequence must be 
well exposed, and (3) the general nature of the rock units, especially 
the fossiliferous ones, must be known. These requirements can usually 
be met when an area has been mapped at least in part. In cases where 
the structure is known to be simple and the stratigraphic sequence is 
complex, however, it may be necessary to measure some sections before 
mapping can be started. These preliminary measurements must be 
planned by reconnaissance and photogeologic studies. 

The method used to measure a section should be selected on the 
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Hf. ts-ir. IdMl feOin«(rfc reltUoot for iMMurlag ftriita (top) compvod to ■ 
nfion when low dip. bw lebof, and wtoblo thiclmma imIco miiMiiHng 


basb of the degree of detaiJ required, the physical neture of the terrain 
and outcrop*, and the time, funds, equipment, and personnel available. 
Measurements and descrlptioos of thick uofossiliferous formations, for 
example, need not be nearly as predse as those used to correlate fos- 
siliferous units with subsurface data. The precision of the measure¬ 
ments Is detenninod partly by the surveying methods and partly by 
the geometric rdations between the ground surface and the dip of the 
rocks. Where the stratigraphic sequence it crossed at high angles 
by tl» ground surfooe, predse measurernenU can be made far more 
quickly and easily than when the two are nearly parallel (Fig. li-17). 
‘Ihe amount of detail to be recorded and the spacing of fossil and rock 
samples must be considered carefuUy when the pro/ect is piannod; 
in general. It is wiser to collect too much than too little. 

Moaturing sections from maps or photogtaph$. Sections may be 
measured and described by plotting a sequence of contacts and points 
on a topographic map or aerial photograph. Because the scales of most 
maps and photographs are too small for detailed work, this method is 
used mainly to reconnoiter more complete studies, to measure gross 
cartographic units, and to check total thicknesses accumulated by 
more detailed measurements. 

Cempeis-poce surveys. This method is described in dcull in Chap¬ 
ter 3. It is generally adequate only where the ground surface is 
level or slopes gently, as along a road, a smooth ridge, or by a waterway. 
Its great advantage is that it can be executed by one man. Details 
can be accumulated more quidcly and accurately if a tape or graduated 
pole is used to measure b^ in cuts. 

Meosurements with tho Jacob's sfoff. A Jacob’s staff is a polo about 
5 ft long graduated to feet and tenths of feet. It is used to measure 
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thidcnessos of beds direcdy at the outcrop, and with it one man can 
readily accumulate a detailed stratigraphic section where units are 
well exposed and where they meet the ground surface at high angles. 
The measurements are started by placing the staff on the lowest ex¬ 
posure and orienting it at right angles to bedding (Fig. 12-18A). The 
observer sights parallel to the dip of the beds across an even mark on 
the staff, and notes the point on the outtax>p that falls in hb line of 
sight. The stratigraphic thickness to this point is equal to the di stanc e 
subtended on the staff. The observer then moves uphill and pUoes 
the staff either on the point sighted or on any othor point on the same 
bedding surface, and he continues to measure the beds by repeating 
the steps just described. If the staff can be oriented by estimation 
so that it is within 8 or 10* of normal to the beds, the error in a 5-foot 
measure will he 0.1 ft or less. For greater precisioo. It is necessary to 
orient the staff and line of sight by using a sighting bar and clinometer 
(Fig. 12-18B), or by bolding or attaching a Bmnton compass to the 
staff. Dips of beds must be d)ecked frequently, a procedure that is 
facilitated by having one man do the measuring while a second checks 
attitudes and describes the lithology. 

Exposures are rarely continuous enough to be measured in a straight 
Eoe directly upslope, and even where ^ey are, offsets must be made 
to fossil localities. The Jacob's staff method enables these offsets to 
be made easily. It is only necessary to walk along the trace of the 
last bedding surface sighted and then to resume measurements at the 
most useful outcrops (Fig. 12-18C). Because of the zigzag nature of 
the course, important specimen localities must be described in detail. 



K|. iS-iS. Measuring beds with a Jacobs staff. (A) Holding staff at an outcrop. 
(B) Enlargod view of sighting bar and simple clinoeteter mode from protractor 
and pendulutn pointer. (C) Stepwise cootm of meesuremmn, dtowlng lateral 
oihett. 
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The localities can bo collected easily again if marked with brightly 
colored tape or painted numbers. 

P/on# tobie matbods. The plane table and alidade arc </i^ al for 
mapping the exac4 locations of all samples and data collected. Some¬ 
times this map will be no more than a skeleton of travene lines, stadia 
points, elevations, and oSsets to important outcrops. Other times it 
will be a complete strip map showing all geologic features as well as 
the topography, drainage, and culture. The type area and section 
of a formation could be an eiample of the latter 

Various degrees of precision and speed are possible with the alidade 
and plane table. An uncontrolled stadia traverse is often adequate 
if instrument stations are no more than 800 ft apart, and if the section 
lying between the sUtions is measured by taking stadia sights to litho¬ 
logic breaks or to places where d>e dips of beds diange more than 
5 or 10* (Section 8-12). Between these points, the details of the 
beds can be located by measuring with a doth tape or by using the 
stadU rod as a scale. Vertical angles should be read between in¬ 
strument stations or prominent breab in slope. 

Where plane table measurements must extend for long distances (as 
where strata d^) gently across areas of low relief), it may be necessary 
to expand a control base for the survey by intersecting a chain of 
triangles or quadrilaterals (Fig. 12-19). Stadia traverses between the 
intersected points can then be used to measure the section and to 
locale sample points. If the dip of the beds is less than 15*. as in Fig. 
12-19, vertical measuremenU must be made with particular care be¬ 
cause errors In vertical position become translated directly into erroo 
of stratigraphic thickness. Compass measurements of dips In such 
areas are generally so unreliable that average dips must be deiermined 
by the three-point metlrod (Section 2-7, method VI). 

M»asvring ttthn$ with a trantit and tap*. A transit and tape should 
be used for making measurements where an accurate and pennanently 



n*. Jl-lt. Plxae Uble caaml for me«*ureaMnts Mren (entiy dlppCas bod*. aOow 
iBS Mr mwor offMs without radwUon of accnniey. 



Fitld Work with Sodimontary Hoekt 


239 



Hf. IWO. M«Murtnc Mnta on slope by rrfereoee to itretehed tope. Bnckett 
indicate iW visits aecuonilatad dwlnc tkb maarare. Note pro»actten U Uim- 
stone^ale contact to tape. 


Staked traverse course must be set up and where slopes are too steep 
and rugged for an effldeot pUne uble traverse. A small (mountain) 
transit is ideal for this work, and the methods used are basically the 
same as those described in Section 7-13. The stratigraphic details 
between iostiument stations may be surveyed by stadia methods or 
by reading vertical angles and Uping distances directly on the slope, as 
described below. 

drvnton and tap* mathodt. BruntoO'tape surveys are generally 
precise enough for measuring stratigraphic sections where beds dip 
more than 15" and intersect the ground surface at a fairly high angle 
Measurements are made most easily in a downhiU direction. The 
procedure that follows refers to a two>man party; however, one man 
can make the measuremeDts if the tape is anchored at the 0 end. 

1. One man holds the 0 end of the tape at the starting point while 
the second man carries the other end of the tape to the Brst break in 
slope. 

2. The slope angle is read and checked by both men. 

3. The Upe is secured on the sbpe (as by tying it m a stake), and, 
starting at its 0 end, the rocks are examined and described; their posi> 
tkms are recorded according to measurements (slope distances) read 
directly from the tape (Fig. 1£>20). 

4. Strikes and dips are measured as necessary, and the angle be¬ 
tween the strike and the section line is measured recorded. 

5. The 0 end of the tape is moved downhill to the fint break in 
slope, and steps 2 to 4 are repeated. 

Where outcrops are rugged, or where beds meet the surface at dose 
to 90". the tape can be used as a Jacob’s staff to measure true thick¬ 
nesses directly. These thicknesses m\ist be recorded u true thidc- 
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13-11. Comctloo of tlope diit«nc« 
tiMt wu nMutind obllQM to dip ol bed*. 


n«**e». In any cate, term* tuch a$ overlying and above must not be 
used unless they dearly refer to stratigraphic rather than to topo¬ 
graphic podtioD. 

Cerrectieos for slope engifet ond eb/leue secfiens. Unless true 
thicknesses are measured directly, as with the Jacob's staff, they must 
be calculated from the slope distances. If the measured slope dis¬ 
tance is oblique to the dip of the beds, it must first be corrected by 
the following formula (based on the notation shown In Fig. 12-21), 

AC m AS coe a 

The true thickness is then calculated by one of the formulas shown in 
Rg 12-22, the choice d^nding on the relation between the ground 
slope and the dip. 

These calculations apply in the usual case, where dips are essen¬ 
tially parallel through each calculated interval. If it is necessary to 
calculate thicknesses across the limb of a fold, where dips vary pro¬ 
gressively between two limiting values, the method described by 
Hewett (1020) can be used. 

The calculations are made most easily with a slide rule, using 
trigonometric functions (Appendix 7). “niey can also be determined 
graphically or, in most cases, by nomographs (see, for example, Mertie. 
1922). The drawing or nomograph must be laige, however, to give 
a degree of predsion that is adequate for detailed vwirk, and such 
determinations may take as much time as sUde rule calculations. 

12—9. Samplinp for Mlerefottils 

Microfdssils often provide the best meeos for correlating stratigraphic 
sequences with standard stages or series. Rocks should be 
for microfossik when an area is first mapped, and samples should be 
taken wherever fossils can be seen. Knowledge gained from reading 
or from discussions with micsopaleontologisb is particularly valuable 
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O. Shpo atr«( ^ro lyyfwga/ 
anil anf/t of ahpo (y) pfua 
on^la of dip ft) is > 90* 

9C « At Sm (x*y) 




b. Siopo onci Pip aro oppossP 
snp a/ifio of shpo piua osfia 
of dip it ^ 90* 

BC oAt eoa (x*y~90*) 
or BC "Jb sin 



C, Stops ond dtp ora in tha 
tamo diraeHon, miBt dip 
>■ stopa 

AC • At sin (e-y) 



d Shpo and dip aro in tha 
soma dirocfion, oifh dip 
^ t/e^ 

6C ■ A8 sin (y-a) 



Tbieknats 


Hf. la-M. PommlM oMd for ibe wtoui ponlUe eocDbfMCiam of direcHoe and 
unouDt of gntmd dope and dip of beda. 
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at this stage. If it U known, for example, that only the smallest calcar¬ 
eous foramlnifera will be useful in a certain port of the section, the 
finest cUystones are collected in preference to silty shales that might 
show large arenaceous foramlnifera. Ideally, the sample localities at 
this stage are scattered widely, both stratigraphically and parallel to 
the strike of the beds. If there are thick, fine-graini units in which 
no fossils liave been seen, several samples of the most promising (gen¬ 
erally, the finest grained) nwleriak should still be collected. 

The faunal determinations from the first group of samples may solve 
many stratigrapliic problems, but diey usually also demonstrate a need 
for additional sampling. samples may be needed along certain 

contacts or faults, or where relatively thin parts of a section appear to 
contain many faunal zones or several stages. Unusually well-exposed 
sequences of fossiliferous rocks might be sampled in great detail, both 
stratigraphically and laterally, to test the validity of tentative faunal 
zones or local stages (Section 12-2). 

The stratigraphic measurements described in Section 12-8 tire gen¬ 
erally used as a basis for systematic collecting. The following sug¬ 
gestions apply to the samples themselves: 

1. If calcareous fossib will be used, the samples should be fresh 
(although moderately weathered rocb are sometimes useful because 
they are friable). 

2 Samples must be large ermugh; unless fossils are obviously abun¬ 
dant, 10 Ib of material may be needed. 

3. Locations must be plotted precisely on a map or described com¬ 
pletely in the notes. 

4. The stratigraphic position must be kx»wn. It will be determined 
automatically if the section b being measured; otherwise tlw strati¬ 
graphic dbtance to the nearest contact or key bed should be measured 
directly. 

5. The source of the sample should be marked at the outcrop so 
that more material can be collected bter. 

6. Sample bags must be silt-ti^t and marked on the outside so 
they will not have to be reopened until they are in the laboratory. 

12-10. legging Wells arul Drill Holes 

Well logs are descriptions or graphic representations of the strata 
oit by a well or drill hole. Where beds are borizontal, these logs are 
essentially columnar sections. Logs should be made when the well b 
being drilled because the procedures of collecting, labeling, storing, 
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and reopening samples tend to increase the ponibilities of contamint' 
tlon and iiiia*identlficatioiL The geologist should oversee these pro¬ 
cedures if possible, and he should also make sure that as much ma¬ 
terial is saved as possible. Before sampling a drilling well, he should 
determine the exact drilling methods, the typical rates of drilling in 
various units, and what 1$ the expected perfotmaooe of sampling 
ei|uipment available. These aspects of well logging have been de¬ 
scribed in LeRoy's Subsurface Ceologtc Method* (1950). as well as In 
subsequent journals. 

Legging cores. Large amounts of core can generaQy be logged by 
the following steps: 

1. Make a graphic log. either with lithologic symbols or colors, that 
blocks out the main rock units and contacts and also indicates occur¬ 
rences of fossils, key beds, and shows of petroleum or zones of high 
porosity. 

2. Pill in the uncored gaps in this record by reference to the driller's 
log and other accessmy logs. 

3. Compare the graphic log with the expected stratigraphic or 
structural sequence. 

4. Re-examine the cores as necessary to make more detailed de¬ 
scriptions of rock units, to inspect critical intervals, contacts, and 
structurally anomalous relations, and to collect samples. 

Samples are generally collected at certain prescribed intervals. They 
should also be collected systematically at contacts, key bads, faults, or 
other features important to stratigraphic interpretations. Lithologic 
samples are most useful if split axially to the core. The footage should 
be lettered in waterproof ink or paint on the side of the core, reading 
so that the sample is right side up. If bedding is not obvious in the 
sample, the bedding direction should be painted as a band around it. 
If possible, the well number and name should also be lettered on the 
sample. 

Microfossil samples should be collected both at inscribed intervals 
and at critical horizons. Hand leiu examinations are necessary to se¬ 
lect the most useful nuteriab since many sandy or silty rocb are dark 
colored in cores. Mudstone and shale are p^cularly susceptible to 
fragmentation and contamination during coring and storage, and 
therefore broken materials must be selected with care. Any question 
as to their reliability must be marked prominently on the label, as 
well as in log descriptions. Samples should be placed In strong, silt- 
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proof bags and labeled as to well name and number, core number, 
footage or interval, rock name, fonnation (or other unit name), and 
probable stratigraphic position, as determined from the core. 

The data in lithologic descriptions of cores should be recorded in 
order of importance. The amount of detail needed will vary with 
the project; somewhat more should be collected than appean neces¬ 
sary. Colors of cored rocks are much more diagnostic than those of 
surface outcrops, and these colors can be recorded precisely by using 
detailed rock color charts (p 216). Horitons of seeoodary colora¬ 
tion should be noted because they may indicate faults or ucusonformi- 
ties. Porosities should be described completely. 

logs from tvflingt. Lithologic logs of most wells are made by ex¬ 
amining the aittings brought up in the circulating drilling mu^ or 
fluids. These materials are evolved continuously while driUing is in 
progress, and samples are generally taken at certain tinrve intervals or 
at every S or 10 ft of depth drilled. Cuttings must be washed thor¬ 
oughly; this b done by repeatedly decanting rinse washes until they are 
free of clay-size materials. The samples ore then dried, placed in 
dust-proof bags, and labeled with the well d«crlplion, driller's iiame, 
and footage or time interval. If the footage has been corrected by 
taking into account the ctrculadon lime from bit to surface, this should 
also Iw noted on the label. 

The size and appearance of cuttings vary greatly with drilling meth¬ 
ods and local lithology. Cuttings from the bit are generally mixed to 
some degree with fragments that have been caved or abraded from 
higher parts of the bole. Picking contacts or key beds it not difficult 
if rock units are thick and distinctive. The upper contact of a forma¬ 
tion u drawn in the log at the first appearance of a cutting or of dis¬ 
aggregated grains from that formation. Where rocks grade Into one 
another, or where they are intercalated through considerable thick¬ 
nesses, the local section must bo known in 

Moderately friable clastic rocks are usually disaggregated by the 
bit; thus a binocular microscope should be used to examine cuttings. 
Samplw stained with petroleum or asphaltic residues should first be 
cleaned with a volatile solvent. Accessories needed for n>ost examina¬ 
tions include dilute HCJ, diemlcals required for staining tests, flat 
evaporating dishes for examining materials, dissecting needles and 
forceps for separating fragments and testing hardness, and a grid 
ocular for measuring grains and estimating their amounts. Graphic 
logs and brief descriptions are customarily entered on strips of paper 
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3 In. wide end 40 or 60 io. long. More detailed notes an/i comments 
may be recorded in an accessory notebook that is organized in the 
same order as the plotted log. 

12 - 11 . Surficiel Deposits and fteleted Londfenns 

Surficial deposits and related landforms are studied to determine 
recent geological history, to develop resources of groundwater and 
other economic materials, and to plan for various engineering projects. 
In areas where nirflcial deposits are widespread, studim of bedrock 
may require a considerable knowledge of tbe overlying deposits. Geo¬ 
logic maps of such areas are preferably outcrop maps that show both 
the bedrock exposures and the various units of surfleial materials (See- 
don 4-S). 

Some cartographic units of turScial materiab have been defined on 
a lithologic basis; others are lithologically composite and have been 
defined on the basis of apparent age. Lithologic units may be char¬ 
acterized by their structures, textures, compositions, gross shapes, 
associations with other units, or by the nature of the surfaces on which 
they were deposited. Common and important lithologic units are: 
alluvium, colluvium (accumuladons formed by dowoslope movements 
of rock and soil), till (or boulder clay), gladal drift (Hll and other 
closely related materials, undifferentlat^), glacial outwash deposits, 
fluvioglacial terrace deposits, loess, dune sands, beach deposits, vol¬ 
canic ash aiKl lapilli, peat, soib, lag graveb, caliche, and clays residual 
to solution of limestones. 

Sequences of similar cartographic unib, such as several alluvial 
deposib or tiUs, are subdivided on tbe basu of uncoofoimlties (Sec¬ 
tion 12-6). Where sequences are not complete or are only partly ex¬ 
posed, the relative ages of similar unib can be dbtinguished by the 
degree of weathering of rock fragmenb or mineral gralos. Tilb and 
drift of various ages, for example, can commonly be distinguished by 
the amount of leaching of limestone fragments or fossils, by the amount 
of decomposition of such rocks as basalt and diabase, or the degree 
of disintegration of granitic rocks. 

Aeiefion to fondferms and agontt. To trace and correlate surftcuil 
deposits, it is generally necessary to study landforms associated with 
them. Old alluvial or fluvioglacial deposib, for example, can often be 
traced out or matched by mapping the terraces related to them. Con¬ 
versely. structural studies based on series of terraces may require 
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eoTteUtions of the sediments that lie under their surfaces. In some 
cases, recent deposits and landforms can also be evaluated in Hght of 
the agents that formed them. Some marine deposits, for example, can 
be related to the terraces on which they lie, to the ancient sea cliffs 
from which they were eroded, and to the present level and regimen 
of the sea. Stream terraces and their deposits often correspond to 
existing streams or to slightly antecedent stream systenu. 

The following steps can be used to correlate landforms and surficial 
deposits: (1) study of aerial photographs and topographic maps to 
delineate the more apparent landforms, (2) reconnaissance of the area 
to determine which surfaces are underlain by surftctal deposits. (3) 
study of the deposits to determine their origin and relative age, and 
(4) mapping or walking out landforms by matching their topographic 
positions and their surficial deposits. Correlation of closely spaced, 
well-preserved shorelines and terraces may require carrying accurate 
lines of levels for considerable distances, as with a transit or spirit 
level. Stanley (1936) has given an example of such a study. Other 
kinds of terraces may have so much relief that precise matching of 
levels is either misleading or impossible Their relative ages may. 
however, be determined by such criteria as: (1) relative topographic 
position and eonHnuity, (2) type of sedimentary cover and degree to 
which it is weatliered. (3) degree of dissection and removal of loose 
detritus, and (4) degree of warping. Detailed profile studies based un 
maps and photographs can he used to make tentaHve correlations of 
these inegular surfaces, but the surfaces should then be walked out 
and mapped. Field methods must also be used to determine if im- 
pcrfectionj in a given surface were caused by initial dip. later deposits 
of sediments, or by erosion of original sediments. Frye and Leonard 
(1054) and Howard (1959) have given critiques of the terminology 
and interpretation of terraces associated with stream deposits. Ao 
example of ti>e correlation of alluvial terraces on a local and regional 
scale has been described by Leopold and Miller (1954); Bradley (1957, 
1958) has described field and laboratory studies of marine terraces and' 
their deposits. 

Soi/s. Soil profiles give a means of correlating landforms and their 
associated sediments, and contacts between surficial units are com¬ 
monly drawn on the basis of ancient soils. Moreover, bedrock uniU 
must often be mapped on the basis of soils (Section 4-7). Systematic 
descriptioas of soib as well as soil mapping and sampling methods axe 
given in the U.S. Department of Agriculture's Soil Suroep Manual 
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(1951), and this book should be consulted for tenns and information 
rdating to toils and soil profiles. 

The total toil profile can be a complete gradation foom surhce soil 
to unaltered rock or sediment, or it can consist of various layers that 
may be defined sharply or may grade to one another. Field descrip> 
tions should give the nature, thickness, and regularity of each of these 
layers and gradatioiu. Where soil profiles are being compared or 
correlated from one place to another, it is useful to classify the princi¬ 
pal layers, customarily called the A, B, and C hoHxont of the profile. 
The upper or A horizon is characterized by one or more layers in which 
organic materials have been concentrated and from which soluble 
materials and colloids have been leached; It is typically gray to brown, 
friable, or very rich in plant materials. The B horizon consists of a 
layer or layers in whidi materials (especially colloids > transported from 
the A horizon are concentrated. Additions of clay and hydrated iron 
or aluminum oxides make it more compact and more red, yellow, or 
brown than the A horizon; however, additions of organic materials 
from above make some B horizons gray or gray-brown. The C horizon 
lies under the soil proper and consists of disintegrated rock or loose 
sediments that are more or less weathered and are clearly related to 
the overlying soil In many areas, the upper part of the C horizon is 
characterized by concentrations of calcium carbonate and other 
soluble salts, which may be so abundant as to form a hard caliche layer. 

The relative ages of soils and the land surfaces on which they lie 
can sometimes be judged on the basis of thidmess. degree of leaching 
of carbonates, degree of disintegration of certain rocks, or by the degree 
of argillization and the compactness of the B horizon. These criteria 
must bo modified and weighted, however, where downslope creep and 
sheet wash have thickened soils on slopes and in valleys and have 
thinned them on ridges, or where variations in underlying rocks affect 
soil characteristics. In burled ancient soils, only the B horizon or some 
part of it is generally preserved. Soils at different outcrops must then 
be identified or correlated on the basis of texture, clay content, color, 
and compactness (indicated in part by a tendency to develop columnar 
or platy fractures in outcrop). Color is such an important measure of 
oxidation and concentration in the B horizon that precise color terms 
should be used. Standardized soil color charts are available from 
the Munsell Color Company, 2441 North Calvert St., Baltimore, Md. 
These charts give a wide range of color names and symbols that can 
be used For rocks at well as for soils. 
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Field Work with Volcanic Rocks 


13^1. V»leanl( S«qu«n<*t and UncanformHit* 

Voloudc rocb are mapped by the same general procedures as those 
used for sedimentary rc^, and tabular volcanic units can often be 
correlated and measured by stratigraphic methods. Fossils are rare 
in lavas, but fossiliferous tuffs can be used to place volcanic sequences 
in the standard geologic column. Moreover, radiometric age-dating 
makes it possible to assemble well-dated volcanic sequences. 

Many volcanic units, however, are not as simple and predictable as 
most sedimentary units. Most volcanic rocks form subaerially aird 
are therefore controlled by the irreguloritia of the topography. In 
Pig. 1^1, for example, two recent 6ows followed irregularly linear 
valleys, and although the flows are contemporary, they lie at such dif¬ 
ferent leveb that tliey might later he assigned different stratigraphic 
ages. Misleading relations can also be caused by the high viscosity 
of some lavas. Many flows of rhyolite and dacite, for example, have 
such steep fronts and skies that younger flows deposited against them 
give the iUusion of a faulted or intrusive relation (Fig. 13-2/4). If 
erupted under water, even fluid basaltic lavas may produce giant 
DMMifsds of pillows that seem to lie transverse to bedding in adjacent 
sediments and tuffs. 

The initial dtps of volcanic rodci are also significant. If well exposed, 
the beds of an eroded volcano may be seen to dip away from the central 



IVI. MiileadiftK itrstigraphic fckUons between coMempoeafy flows that come 
to He at different levels. 
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a 



Hi. I>-J. (A) B«alt low mUng agafmt atotp «<ig« of tomewhftt older 
low. (B) AdHcUmiI aectioa through fl«tvV of eroded vokoBlc cone. (C) Onlep 
of hvu agaifM Meep nouaUin hoot. (D) CUS*«cbon oa (he Uknd of K eW - 
lewe, Hawoll, ihowiag how eolden-fllHng lava flowt era alnoac parallel to oldar 
lavas of the main volcaofc shield. Thcfr surface of contact (baevy Um) U the 
eroded fault that was once the caldwa wall *1110 Irregular wtical IhMt are 
After H. T. Steams (1140. p. 133), 


conduit in all directionj: however, a single seetioD of outcrops could 
be mistaken for a tectonic anticline (Fig. ld-2S). Moreover, abrupt 
oolap of an accumulation of lavas against a steep mountain slope may 
suggest large^le faulting (Fig. 13-2C}, while filling of volcanic de¬ 
pressions such as calderas may form puzzling or misleading c o ntac t s 
(Fig. 13-2D). Although these stratigraphic relations can be solved 
readily if exposures are adequate, sketching of volcanic units and struc¬ 
tures across large areas can cause incorrect correlations. Even where 
tabular-appeering marine beds are intercalated with volcanic rocks, 



Rf. IS-S. IntutODguing raUt l oai la thick aceumulsUoiu of Uvai uid sediments. 
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it is uncertain that either wriQ prefect evenl)' for a tong distance. Vol. 
canic piles accumulate rapidly; hence associated sedimentary units 
tend to be teiuoid or to interfinger writh the volcanic rocks througli con¬ 
siderable vertical thicknesses (Fig. 13-3). 

UfKoA^ormifies. Each flow and pyroclastic deposit in a '’continuous'* 
accumulation can be considered as bounded by unconformities whose 
time values may be anything from a few days to tens of thousands of 
yean. The tops of some flows and ash layers are scarcely altered or 
modified before being covered by aiMther deposit, while many others 
are weathered and eroded appreciably and some severely. Although 
these mincu unconformities are useful in interpreting the periodicity of 
ancient volcanoes, they can make it difficult to detect and trace major 
unconformities unless large areas are mapped. Major unconformities 
can bo recognized (1) persistent angular discordance, (2) trunca¬ 
tion of volcanic necks or other volcanic intrusions, (3) layers of sedi¬ 
mentary rocb tliat contain materiab foreign to the underlying volcanic 
sequence, (4) zones of weathering that persist across all types of 
underlying rodcs, and (5) abrupt dmnge in the general magma-type 
of the rodcs, at from calc-alkaline to alkaline. The n>ost obvious feature 
at any one outcrop it the zone of weathered materials, which is typically 
colored in reds, ydlows, or greens by ferruginous clays or iron-oxide 
pigments. Channds filled with sand or gravel may occur here and 
there, as may fine-grained sediments containing vegetative materials 
or fossils. Because subaerial surfaces can develop as a series of 
pediments rather than as simple peneplaiits or wave-planed stirfaces, 
some pass into irregular upland sur^oes. The surfaces may also dis¬ 
appear laterally into lake or marine deposits. 

13-2. Certo^roplilc Units of Volcanic Rocks 

Tabular sequences of plateau basalts and ignimbrites can be di¬ 
vided into cartographic units comparable to simple sedimentary for¬ 
mations. Procedures and rules for setting up describing these 
units are given in Sections 4-6 and 12-2. Many flows, pyrodastic 
deposits, or composite units, however, may bo irregular or strad* 
graphically unpr^ictnble (Sectkin 13-1); these units caimot be de¬ 
fined by measuring ai>d describing isdated stratigraphic sections. 
Mapping must be extensive enough to relate each unit accurately to 
adjacent units, especially to named sedimentary formations with which 
tl»e volcanic rocks interfinger. 

The basic unit of a volcanic terrain is the individual flow or pyro- 
dasde bed. The nsore of these units that can be mapped, the more 
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accurate will be the interpretatioo of the volcanic sequence. Distinc¬ 
tive, relatively extensive flows or tufe can constitute separate membeis 
within formations, as the Wenns flow of the EUentburg Fornutfion 
(Waten, 19S). A formal geographic name is usually omitted for a 
member or bed whose lithology is unique within a formation, as 
dacite flow of Umptak Formation. Informal names should be used in 
cases where the area mapped is small, the units discontinuous, or rela¬ 
tions to formalized units undetermined. 

Formations consisting of a number of flows or pyroclastic beds are 
selected on the basis of their physical individuality and the close 
gerwtic relation between thdr constituent rocks. The ideal volcanic 
formation b formed by closely succeeding eruptions of one kind of 
magma; examples are sequences of basalt flows in' dacite tuff beds. 
TWo units of similar lithology which are in contact can often be di¬ 
vided on the basis of an unconformity (but see Vneonformitiat, Sec¬ 
tion 13-1). Formations or groups that include a variety of rocks are 
generally delineated at major unconformities. Some can be recog¬ 
nized in a general way on the basis of magma-parentage (magmatic 
consanguinity); however, considerable petrographic study may be 
needed to resolve sud) units and cases are known where noncon- 
sanguineous rocks are associated closely. 

Intrusive bodies in volcanic areas should be mapped individually. 
If they cannot be plotted to scale, appropriate symlMls can be use^ 
such as colored lines for swarms of parallel dikes. Most intrusive 
units should be named In an informal way, as dacite neck, but if tbeir 
genetic relation to effusive units is clear, they may be considered as 
members of formations, as dikes of Koolou Velconic Series. The term 
complex is sometimes used for composite units of Intruded, collapsed, 
and faulted rocks that commonly form in the oeotral parts of large 
volcanoes, as caldera complex of Wailuku Volcanic Series (Stearns and 
Macdonald, 1942). 

13—3. Naming Volcanic Recks 

Field names for volcanic rocks should be as complete as possible, 
even though a petrographic microscope or diemical analysis may be 
needed to dassify the rocks precisety. Names should be based not 
only on minerals and textures but also on small-scale structures aird 
on associated rocks, A given specimen, for example, might be so 
aphanitic that it could wily be given the name felsite, but other parts 
of the same body might show enough recognizable grains or struc¬ 
tures to indicate more specifically that the rock is a rhyolite lava. As- 
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(ociated iotnuive bodiet are of great value in naming aphanitic rocks 
because they often show gradations from glassy or aphanitic borders 
to phanerftic interiors which can be named confidently. Weathered 
surfaces of volcanic nicks should be examined because textures and 
structures lend to be accentuated on them (especially in partly glassy 
rocks), and some minerak are far easier to see when altered. 

Where a large number of mineral grains (typically phenocrysts) are 
visible, the following notes can be used in naming rodcs. 

0 . Rocks wRfi qvorfi phenocrysts. 

RhyolUe. Phenocrysts of potassium feldspars (chiefly sanidine) 
at least as abundant as those of plagioclase-, biotite typically 
only mafic minent; groundmass glassy and dark, or stony and 
light colored; deuteric silica minerals commonly present. 

£)ache. Plagioclase predominant or only feldspar of phenocrysts; 
quartz may be scarce; typically a variety of mafic minerak; 
granular dots of plagioclase and pyroxenes quite common; 
groundmass as for rhyoUte. 

^uurtz ktratoj^yn. Typically pale green to light gray with 
prominent phenocrysts of quartz and gray or whitened plagio* 
dasa (albite); chlorite is mafic mineral 
b. Rocks whhewf quartt or Mdtpalhoid phenocrysts. 

Trachyte. All or most feldspar phenocrysts are sanidine; biotite 
only abundant mafic mineral lo potash-trachytes, but many 
others may be present; groundmass as in rhyolite. 

LotHe. Most of feldspar phenocrysts are plagioclase; a variety 
of mafic minerak likely to be present; usually indistinguishable 
from dacite that has no quartz phe4X>crysts. 

Andetite. Plagioclase and pyroxene generally only phenocrysts, 
though hombtendic varieties locally common and grains of 
olivine or biotite possible; dots of phenocrysts typical; ground- 
mass aphanitic and gray to black; may be indistinguishable 
from dadte that has no quartz or sanidine phenocrysts. 
Keratophyre. Cray to gray-green stony rock; may have whitened 
or greenkh phenocrysts of plagiodase (albite) and small grains 
of chlorite. 

Baudt. Heavy rodcs with phenocrysts of plagioclase, pyroxene, or 
olivine (these may be anywhere from very small to very large); 
groundmass of olivine-poor varieties dark-gray to black and 
aphanitic; groundmass of olivine-rich varieties commonly light 
gray and phaneritic (dark rocks that cany abundant olivine 
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pbetMcrysts and are aphanitic throughout thick Cows are likely 
to be subsUidc, alkaline rocks, as trachi/andesUe, etc). 
SpiUtt. nienocrysts of augite (commonly altered) and milky 
or pale green albite in dark gray to gray-green groundmass; 
amygdales of calcdte and chlorite common; non-porphyritic 
varieties may be variolitic (bearing globular or branding 
spberulites that are 0.1 to 1 ia in diameter); commonly 
pillowed. 

c. Rocks wHh phMoery$t$ of fe/dspeTkoids, onefc/re, or fne/i/ita. 
(Where feldspathoid phenocrysts are scarce, these rocks may 
be mistaken for trachytes, andesites, or basalts. Occasional 
grains of the distinctively colored sodalite family minerals may 
indicate subsUidc compositions. Cores of flows and 
dikes shoidd be searched for coarser-grained fades.) 

PhonolUt. Sanidine most abundant erf phenocrysts: mafle grains 
scarce but a large variety possible; groundmass light to m^ium 
gray or greenish gray, except where dark and glassy. 
Ttfphriie. Phenocrysts mainly augite. commonly with tome plagi- 
oclase but no olivine rock heavy (as basalt); groundmass dark 
and locally phaneritic. 

Basanite. As tephrite, but with olivine. 

LeucUite, nephelinite, ttc. No feldspar; augite generally abun¬ 
dant and feklspathold grains commonly obvious. 

Pyroefasrie recks. Pyroclastic rocks are dassiSed first on the basis 
of texture and second on the basis of composition. The 
of Wentworth and Williams (1932) is based primarily on textural 
characteristics, and a condensed version is presented below. Tbe one 
major modification has been to place the limit between bombs or blocks 
and lapilli at 64 mm rather than 32 mm because the terms bomb and 
block seem to connote rather large objects. 

a. Clasts larger than 94 mm (2^ in.). 

1. Angular fragments are blockt; aggregate is volcanic rubble, and 
lithified aggregate is volcanic breccia, Lithified aggregates of 
poorly sorted materials (with much ash) are tuff-breccia. 

2. Fragments that were plastic during eruption and partly slsaped 
in flight are bombs (Fig. 13-4); both loose and lithifi^ aggre¬ 
gates are agglomeratet (or agglutinate where bombs were so soft 
they cohered). 

3. Fragments that were very fluid when they fell are driblets or 
•potter; aggregate is driblet agglutinate. 
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b. Clasts from 64 mm to 4 mm (2V^ to % in.). 

Fragments are laplUi; aggregate also hpilU, and bthilied aggregate 
lepUU tuff. Scoriaceou* and pumiceous lapilli arc commonly 
rounded or drawn out during eruption; Uthic lapilli are typically 
angular, while accretionary lapilli are pellets formed by accretion 
of Rne ash, usually around raindrops, during eruption. 

c. Clasts from 4 mm to % mm (% to <&)■ 

Loose aggregate is coaree ath, lithifiod aggregate coarse-grained tuff. 
Tlie larger ash particles may have dtscornable textures, structures, 
and shapes, as for lapilli. If most fragments are glass, rock is vitric 
tuff; if most are crystals, rock is crystal tuff, and if most are rock frag¬ 
ments, rock is lithic tuff; nearly equal mixtures are cryetal-vitric tuff, 
etc, 

d. Fragments smaller than % mm (Hou In-)- 

Loose aggregate is fine aA or volcanic dust; litliified aggregate is 
fne~groinetl tuff; compositional adjectives used us in c above. 

When the nature of the various clasts provides evidence of their 
source, tlw following adjectives can be used to describe them. 

EstentUd or fvvenile. Materials formed directly by eruption of 
magma. 



Bi- is-s. Volcaoic bombs, (it) AlmacKl-s)iai)«d bombs from Silm Pook, Nov. 
(S) BKAdcTuM bomb (skht cracked prominently by opoiuSon of vedciilor core); 
from Moni> Cntrts, Calif. (C) nfttwn bomb with tension ceacksi Silver Peak, 
Nev. (D) Moderately shaped scoria bomb (ptoboUy the commoMSt type of 
bomb); FufiyiirM. Japan; courtesy of W. M. Quockxnbush. Ah bombs ar« $ (0 
4 In. across. 
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1 M. Wdded rfayoUt* tu£ from But 
Mt, N«v^ thowbig bkck ghus Icmoe* 
formed by colhpMS of pmke lapilli, eotn- 
pac(iv« offocta uound Urfer asRular rock 
fnVncnU, and abundMt fmflmcnU of 
cryitela. UnUce moot kivu, these raela 
do oot show Kaeollona becoiae the folialirw 
(omml by flottooiag after the avaUn^Hi 
cMKd to flow. 



Accesaoty. Fragments of rocks ckwdy related (cognate) to the 
eruption, as a vcnt-fiUing pluf^ an antecedent flow, or a pyroclastic bed 
of the samo volcanic cone; pfufonfc cognate e/ecta are ooartC'grained 
crystal aggregates formed in the subjacent magma chamber or feeder. 

Accidental Fragments of rocks unrelated to the eruption; may be 
non-volcanic rocks from beneath the volcano, or fragments of extinct 
cones or feeders. 

The term fgnfmbrfte may be applied to all rocks laid down by glow¬ 
ing avalanches or pyroclastic flows (Section 13-6). The adjective 
welded (as welded dacUe tuff) applies to pyrocdastic materials tiiat 
have been heated sufficiently to cohere. The most thoroughly >veldcd 
tiilTs are massive and look like vltrophyric lavas; others are light 
colored but with stresdey or lenticular bodies of darker glass (Pig. 
13-5), and still others are so devitrified or altered as to be or 
light colored, stony, and without visible glass. Although most welded 
rocks are ignimbrites, intrusions and lavas can also weld ash or lapilli 
deposits. 

t3—4. Structures of Basic Lavos 

A number of structures fonned during movement aitd solidificatioo 
of basic lavas can be used to determine the stratigraphic tops of folded 
sequences, as well as to interpret the overall shapes and directions 
of movement of individual flows. Single occurrences of some struc¬ 
tures are signifleant; others, as small-scale flow structures, must be 
studied and plotted at a number of outcrops. Certain assodations of 
structures may be so characteristic of a given flow or formation that 
they can be used in tracing units and mapping contacts. Viscosity 
and gas content of a lava may change as it spreads, however, so that 
lateral changes in some structures can be expected. 

Very fluid basic lavas, as olivine basalts, generally have vague in- 
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H|. l>-i. IdeaUzod Mctton ihrou^ flow of fluid baMk, thowinf ptrtly filltd 
Itva tube, wrinkled end veelculv pehoehoe lop, end pipe emygdakf M«r bate. 
Akfaouidi the flow wrinkles can often be oeed to detcimiM the stnrigrephic top 
ai e folded sequence, wrinkles cut else fonn at the bate, at diown in the dniwli^ 


tenul flow structures consisting mainly of aligned plaglocUse tablets. 
Small vesicles may form continiunis sheets that give the rocks a banded 
appearance and a platy fracture, but these structures are not necessarily 
parallel to the primary flow direction. Larger vesicles are more abun¬ 
dant In the upper parts of flows, where tliey may be stretched parallel 
to the last movements in the lava Pips amygdales, however, All tubu¬ 
lar cavities formed by upward streaming of gases from the tower parts 
of th« flow; thus their position or upward confluence indicates the 
stratigrapliic base of beds {Fig. 13-6). Some of these tubes are filled 
witi) a pegmatitic residuum of the lava, others bear silica minciab, 
Moliles, or caldta 

Lavas culled pahoehoe have billowy, hummocky, or ropy upper 
surfaces and vesicular glassy skins that give them a rough but glistening 
appearance. Tlie crusts of these lavas are continuous over large areas 
but arc commonly deformed by festooning, bulging, cracking, or col¬ 
lapse caused by movements of the underlying fluid lava (Fig. 13-7). 
Minor eruptive cones can be formed in this way; consoquently they 
do not necessarily indicate an underlying vent. Lava tubes arc com¬ 
mon in pahoeboe flows; frequently their fillings give evidence of the 
tops of the flows (Fig. 13-6). At the edge of a flow, pahoehoe lava 
may advance as a series of thin tongues that override each other for 
distances of a few feet or a few tens of feet and then solidify. The base 
of each tongue tend.i to be cuspate or irregular, while the top is 
rounded, and therefore these accumulations can be used to determine 
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Hf. 19-7. Tuinub (left), premre ridge with iqueMMmt of kve (ccaier), end 
homitiM (right) 00 • pehoehoe flow. After vtrtoui photogrephi (roso Wealwoith 
•ad Macdonald (185S). 


Stratigraphic sequence (Fig. 13-8). As con be seen in the figure, a 
vertical section cut transverse to the tongues looks like pillow lava; asso¬ 
ciated rocks must therefore be examined to determiM if the deposits 
are subaerial or subaqueous (see Subaqueout flowt, below). Stearns 
and Macdonald (ld4d) and Wentworth and Macdonald (1053) have 
described other useful structures and forms in basalts of Hawaii. 

Somewhat more viscous lavas tend to be scoriaceous near their tops 
and bases. If their upper surfaces are rough and jagged, they are 
often called oa lava. Pahoehoe flows commonly change to this type 
of lava as they move away from their source, especially where they 
flow over steep slopes. Some scoria fiotos consist of little else but a 
jumble of rou^ lumps, balls, and plates, which can be mistaken for 
pyroclastic (explosive) deposits. Plows may spread evenly over a 
plain, but on slopra of a few degrees they move as streams through 
their older and 1«« mobile parts. These streams can become strongly 
discordant to levees of solidified lava which form along their borders 
(Fig. 13-0). 

The interiors of most aa flows consist of massive lava, but some 
have a platy cleavage guided by sheets of thin vesicles. Phenocrysts 



Tit- 19-a- Small pohoohoa longuor Ctoot*') accumukting to form a body wkoM 
tmnsvene cracs lection (ri^) hw ■ pillowed appearance. Tbe right view u 
after a photograph fnn Steams (IMO, facing p. $8). 




ftfl. l>-«. Rolrictcd kva stream fai s large Row. (A) Map showing generalhed 
paltem ol riditrs and lata movements, with malor rtream ratting through older 
khc* of the same low; baaed on an aerial photognph (Krauthopf, 194A, facing 
p 1S78), <0) Enlarged secUon across mafor stream clunaei, showing moraine- 
like ridges of scoria and brecvlated but roKd walls; after Kraushopf (1948. p. 1270). 


are generftUy aligned In flow patterns, but these may b« obscure. The 
more lilkdc rocks may sltow a vague harxling similar to flow structures 
in viscous lavas (Section 13-5). Stratlfled or partially filled amygdalos 
can be used to determine the original attitudes of some flows (Fie. 
13-lOA). 

Cohitnnar joints form in the nonsooriaocous cores of many flows, 
and they are commonly divided into two tiers (Fig. l^UA). Some 
flows. Iiowever. have only one tier whereas others have three, so that 
interflow sediments or soils should be used where pouible for counting 
Bow sequences. In determining the dip of jointed flows at isolated 
outcrops, it cannot be assumed that the ^umns Ue normal to the ood- 
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n*. IS-IO. (A) Hand specimen showing amygdales and geodes wish stratified (' 

BJIinitsofchak«kin» aod(r>afl*. (B) Spiracles of lamlMited rihstone (left) and J 

Iwhed mud In hosaii finw near Falkn. Ncv. I 
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(A) Section through a two-tier colwiav Uvt Bow. (B) Crw Motion 
through a coWnaar flow fat wfai^ croap of the liquid Intertor (toward the right) 
ramltod in Inchned growth ol tha central tier of columnsi after Watert (1960 
p.3M). 


tact of the flow, for widely divergent fans of columns are present in 
some flows. Waters (19M) described a particularly useful relation 
whetre columns in the center of flows are dlted in the directioa of 
flow (Fig. 13-llB). 

Pipe amygdales are uncommon in these more viscous flows, but 
large tpiraeUs form where air, mud, or steam from wet ground rises 
Into flows when they are still fluid (Fig. 13-lOB). The upper ends of 
the spiracles are typically overturned in the direction of flow (Waters. 
Id60). Although spiracles can be used to determine stratigraphic se* 
quence, they must be distinguished from clastic dikes formed by sifting 
^ sediments into cracks in the tops of flows, and from dikes of par¬ 
tially fused sedimentary rocks that may intrude the borders of large 
sills or dikes (Section 13-7). Large-scale steam explosions at the 
base of a flow may form pipes that lead upward to surflcial cinder 
cooes, structures that mi^t be mistaken for the eruptive vents of the 
flows themselves. 

Subaqumoua Bows. If lavas are erupted under water or flow into 
water. piUotos form where spurts of lava burst upward or outward and 
expand until drilled (Fig. 13-12). The glassy skins and tones of 
vesides shown in the figure are characteristic, though some have 
hollow cores like the pahoehoe tongues described above (Fig. 13-8). 
Pillow lavas, however, are generally associated with aqueous sedi¬ 
mentary rocks or with beds of fragmented basaltic glass or palagonite. 
Palagonite tuffs are dark greenish-gray to black, have a subvitreous to 
waxy luster, and commonly carry caldte amygdales or cements. They 
may weather brown or may crystallize to iron-rich days or chlorites, 
which give them a gray-green color and ntore stony appearance. 
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Pl9- 19-1S. Ptllow bvB, showing gencnlncd tectlon thraagh dopocit (Uft) and 
<okr|cd tecmeot of tingle pUW. The pdlowt' rounded tops and cutpad bot> 
UnM can be uaed to determfoe Mrattgraphte loqtience in deformed rocfcs. 


Clastic textures may be difficult to see in rocrystallized rocks, but the 
tuffs can be recognized in some mariDC sequences by their association 
with red and green chests and calcareous rocks. Fuller (1931) and 
Waters {I960) have described palagonlte deposits in which the pri> 
mary dips of foreset beds record the direction of flow of lava tongues 
into water. 

13-5. Strvcturea of Silicic levas 

Sibcic and moderately silicic (intermediate) lavas may be fluid 
enough to spread evenly for distances of several miles; many, how¬ 
ever, are so viscous they form thick, shout tongues or steep-sided domes. 
The shapes of andant flows can often be determined by mapping their 
contacts with adjacent strata, but it is necessary to map flow structures 
of lavas that are poorly exposed or greatly dissected. Although the 
flow ftructures cofuis! in part of oriented phenocrysts. their more ob< 
vious componenb are parallel layen of lighter arid darker materials, 
ranging from 0.01 to 0.S in. thick. The layen are typically folded and 
contorted in a way to suggest drag or liquid drift of one layer over 
another (Fig. 13>13A). The patterns of flow structures shown in 
Fig. l!^13fl can be used to place scattered outcrops into approximate 
stratigraphic position, although these relations do not occur in all flows. 
The lighter layen may consist mainly of small spherubtes. Some layers 
separate along sheets of closely spaced vesicles, giving the rocks a 
platy cleavage. The surhices of the cleavage plates usually show 
scratches, furrows, or Unear trains and smears of deuteric minerals 
(hematite, magnetite, tridymite), indicating translation of one layer 
over another (Fig. 13-i3C}. The bneated plates apparently form as the 
lava changes from a viscous fluid to a solid; in some cases the surfaces 
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are shears which cut across earlier flow structures. The platy cleavage 
is more ckMely spaced in the lower parts of a flow or along the walls of 
a lava channel or conduit, where it may dip steeply (Fig. 13-13D). 
The overall pattern of flow layers and flow Uneations in a viscous 
tongue is shown in Fig. 1^14. 

In summary, five types of directional structures may be mapped in 
viscous flows: (1} planar, and perhaps linear, orientation of pheno- 
crysts, (2) flow layen (generally parallel to phenocrysts), (3) shear 
surfaces (generally but not always parallel to earlier flow layers), (4) 
fold-axis Uneations formed at right angles to flow, by drag of layers, 
and (5) Uneations on surfaces of cleavage plates, formed parallel to 
direction of movement. 

Domes. Viscous lava commonly accumulates directly over a vent to 
form a steep-sided domt. The lava in most domes is so nearly soUd 
it rises as steeply incUned sheets and prisms, which protrude at the 
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Rf. ia-lS. PIOMT ftnictures in nidc rocks, (A) Typical flow-bended ifayolitc. 
(B) Ceoereliaed section through rhyolUe flow neer SiKcr Peek, Nev. (C) 
Folded flow leyert thet have sepereird end been ooeied by cristobebte. Note the 
two bneetions. Sente Roee Re&|e, Nev. (D) Stnofly fwrowed flow leyess with 
lineetlons tbat phmge steeply, perellel to dlrectioo of flow. Rhyolite intnision 
soulhcest of FeUon, N«v. 
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H». lt-14. Map aad wcUoiu af die Watclimen dadt* Sow. Crater Laka NaUooal 
Park. Oietan. After WlUiami (IMS, p. 4S). Cowtaiy of tho CaRie({« Inatitudoo 
of WatUdf lea. 


upper surface of the dome as plates and spines. As these masses dis¬ 
integrate, avalanches of angular fragments cascade down the sides of 
the growing dome (Fig. I^ISA). Inward-dipping flow layers in tho 
mbd interior of the dome are hidden by the apron of fragmental de* 
bfis except at the summit, where partly broken prisms and plates can 
be seen. The steeply inclined surfaces of the prisms may be grooved 
In a way comparable to the shear surfaces described above. 


tSf. (A) Vtacous dooic wlih protruding spinM and talus apron. Mainly i 

after oMnapfe* described by Willianis (103S). (B) Doom of Divide (Raker) ' 
Peak. Lassen National Park, protruded through flank of andesite cone. After 
Wilbasis (1932, p. 145). (C) Eroded dome fonnlDg a small Island off ladna, ; 

lUlyj M b cut by a fault ao that tu biietnal structures are shown dearly. After * 

Rilti&BBn (1930. p. 43). 
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Flow structures in some domes are roughly concentric with their 
gross shapes, but bulbous domes with stron^y concentric planar struc¬ 
tures are more likely to form as shallow intrusions (Fig. An 

uncommon but interesting type of extrusive dome is that formed when 
moderately fluid lavas erupt in rapid succession from a central conduit 
and pile up in a steep mound (Fig. I^ISC). 

The positions of vents beneath uneroded domes and viscous flows 
are indicated by patterns of flow structures and alteration zones. 
Fluids that pass upward throu^ the vent commonly replace the lavas 
with tridymite, opal, aistobalite, or high-temperatitre quartz. The 
rocks may also be argillized to punky, light-colored masses stained 
variably by hematite, hydrated ferric oxides, or yellow and green clays. 

13-4. Pyreclestic end Closely Rolotod Ooposlts 

Although magmas of all compositioiks may form pyroclastic de¬ 
posits, the more viscous (silidc and alkaline) ones are far more fre¬ 
quently fragmented by explosions or frothed by rapid expansion of 
gases. The characteristics of pyroclastic deposits depend not only on 
the eruption itself but also on geographic conditions such as rainfall, 
drainage, and relief. Pyroclastie units may consist of simple, tabular 
beds or they may have linear or Irregular shapes. Their textures and 
internal structures may be of great variety. The origin of a given 
deposit is determined by tracing out its shape, examining its composi¬ 
tion and small-scale features, and recording lateral variations of these 
features. Ash-fall beds or distinctive ignimbrite sheets that can be 
traced laterally are especiatly valuable because they provide ideal 
stratigraphic datum planes (see, for example, Mackin, 1960). Useful 
characteristics of a deposit Include the size, sorting, shape, and com¬ 
position of fragments and the degree of their compaction, welding, or 
alteration. Brief descriptions of the principal kinds of deposits follow. 

1. Cones of scoria, pumice, or ash. Formed by mild to moderate 
explosions from a central conduit^ vague to distinct beds of various 
grain sizes dip outward from conduit; abundant bombs or shaped 
lapiDi and coarse ash Indicate iMaraess of vent; accidental blocks may 
be common; relation with interbedded lavas likely to be complicated 
by mixing and channeling; agglutination and gas alteration very dose 
to vent 

2. Widespread blankets of ash and lapiUi. Formed by major (Vul- 
canian) explosions; materials driven high in atmosphere so that they are 
cooled during faU (except very close to vent); differentiation produced 
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by rates of fall of particles results in concentration of large fragments 
and CTystals, especially mafic ones, near source and concentration of 
glass, especially pumiceous ash, away from source; individual layers 
may also be graded from base to top; deposiu thicken markedly near 
volcano; in distal parts, tlrey thin gradually away from volcano; at any 
one place, thicjcness is the same on hilltops as in valleys, although 
this relation may be altered quickly by erosion; delicate pumice lumps 
of initial deposit not abraded. See also the descriptions by Williams 
(1M2). 

3. HotfU>u>$o1a^andlargerfragmeiUs(ignlmbrites). Formedfrom 
glowing avalanches or pyroclastic flows, driven mainly by gravity; 
deposits thick in valleys and thinner over plains, with ridges largely 
uncovered; deposits unsorted and therefore individually unstraltfied; 
some consist of chaotic mixtures of large blocks in a fine-grairted 
matrix, others of vitrlc lapillJ and ash vrith or without crystal frag¬ 
ments; pumice and scoria fragments typically abraded, and bedrock 
surface under flow may be abraded and striated; high temperatures 
Indicated by charred wood, reddening of pumice, and, in some cases, 
welding of vitiic materlab in the lower part of deposit; hot gases may 
form spiracles (fossil fumerolei) or may recrystallize and lithify much 
of deposit; columnar Joints common, and larger lithic fragments may 
show contraction joints (Fig. 13-18). See also the descriptions by 
Gilbert (1938) and Smith (1980). 

4. Volcanic mudfiow deposiU (lofiars). Formed by rapid mixing of 
loose pyroclastic debris and abundant water; move down river systems 
to form thick linear deposits in valleys and broader deposits on plains; 
mostly chaotic mixtures of large and small fragments in a fine-grained 
matrix, but contain lenses of sorted sand and gravel where streams re¬ 
worked tlw deposiU; wood unchaired, unless charred fragments have 
been incorporated from ignimbritc deposits; may inlerfinger dlrtally 
with stream, lake, or marine deposits. Sec also Anderson (1933) and 
Fisher (1980). 

5. Water-laid pyroclastic beds. Formed where pyroclastic materials 
form In or bll into water, or where loose materials are reworked by 
water; if reworked, many fragments axe abraded, size sorted, and 
mixed locally with nonvolcanic debris, but single deposits erupted into 
quiet water may be unstratified and entirely volcanic; parallel orienta¬ 
tion of gloss chips may give vitric tuffs a striking planar fabric; vitric 
marine and lacustrine deposiu commonly argJllized to bentonite beds, 
or altered diageoetically to cherty keratophyre tuffs or to zeolitic beds; 
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Kf. Andesite blodt ia on* 

sorted tuff'breods deposit, thow)n| 
nubsl foints Intorpteted to indt< 
cote cooling sites fngstwM broke 
from Its sourca. After Shelton 
(1955, pL 4). 



dqxuitt of basic glass and pabgonlte commonly associated with pillow 
lavas (Section 13-4). 

Various kinds of deposits may be Interstratified around one volcano, 
and some depoeits may grade laterally into other types. The upper 
or distal parts of an ignimbrite deposit, for example, may be incorpo¬ 
rated into a volcanic mudflow, or an ash blanket may ^ overridden 
by. and incorporated into, a pyroclastic flow. Where the textures and 
compositions of successive ash-blanket deposits are very similar, the 
sequences can be subdivided at weathered zortes, thin vegetative layers, 
or layen and lenses of stream deposits or wind-worked materials. 
Contacts between closely similar ignimbrite sheets can often be drawn 
at the base of each zone of welded or compected pumice fragments. 

13-7. Volcanic Feeders end Related Intrusions 

Volcanic intrusions that cannot be mapped to scale should be plotted 
by symbols showing the trend of thdr longest dimenston. Central 
conduits often lie at the focus of radiating fractures or at the inter¬ 
section of two fractures. Positioos of mafor subjacent intrusions 
(“magma chambers'’) can sometimes be found by mapping concentric 
pottems of dikes or elliptical groups of volcanic pipes. Where the 
major intrusions are exposed, they are commonly phaneritic and there¬ 
fore plutonic in appearance. 

The rocks of volcanic feeders and intrusions can sometimes be 
matched with the flows and pyroclastic beds that they feed. Direct 
connections between feeders and flows are rarely seen; hence most 
correlations must be made by matching the lithology of the intrusions 
with that of nearby flows and tuffs, and by determining the sequence 
of intrusion In composite necks and correlating it with stratigraphic 
sequences. 
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Dikos and $UU. la mapping dikes and siUs. the major difficulty is 
to distioguisb them from associated lavas. Near the surface, steep 
basaltic feeden may be as fioe-graioed and vesicular as the lavas 
they intrude; however, they can be distinguished by their steeply in> 
clined flow structures ai>d steep, chilled contacts. At greater depth, 
where the dikes are less vesicular, most of them have simple sets of 
columnar joints lying at right angles to their contacts (Fig. 13>17A). 
TIse central parts of more deeply seated basic dikes consist of coarser' 
grained rock (diabase or dolerite), even though the margins are 
aphanitic. The central parts of thl^ basalt Sows, however, may also 
be coarse-grained. 

Dikes of silidc rocks are typically Sne-grained, even at considerable 
depths, and are commonly less tabular than dikes formed from more 
fluid magmas. They generally have flow structures like thcue of silidc 
lavas; these structures lie parallel to their steep contacts and may be 
flow'folded or brecciated along them. At moderate depths, moat 
silidc IntnisioDs have margins of dark glass or very Ane^graincd spheru* 
title rock that grade inward to stony, more coarsely spheruUtic. or very 
fine-grained pbaneritlc rocks. Th^ may also show steeply inclined 
autobreedatH bands. Pyroclastic roeb may be formed where pyro¬ 
clastic explosions tap deeply into viscous feeder-dikes. 

Sills may be particularly difficult to reeognixe because their flerw 
structures and contacts lie parallel to those of the lavas and tuffs that 
they tnfiude. They can be identified most readily where they cut 
across flows, send apophyses into overlying beds, or carry inclusions of 
the overlying roeb. They are also typically less vesiciilar aswl have 



«#. IS-ir. lotot patterns fat croas sectiou of mfaior inbusSons. (A) Dolerite 
{diabase) sUI cut b}r two dikat; Bradford Bay, Isie of Skye. Scotland. (B) Ideal- 
lied vertical section throu^ cyllndsical vokanic feeder, showing change in joint 
pattern with depth. 
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simpler primary ^int patterns than lavas with which they are as$o- 
daMd, and they lack the highly vesicular or eroded topi that char¬ 
acterize many flows. Thick or more deeply seated tills are generally 
rath« coarse-grained and alter the overlying rocks perceptibly. Many 
basic sills and dikes weld silicic vitric tuffs distaisces of a few inches 
or feet from their contacts. Some melt sihstones or sandstones which 
may then be mixed or injected into the intrusions. 

Voleoftie nerks. The necks or conduits of central-type volcanoes are 
roughly equidimensional in plan view, although they may be connected 
with complexes of radiating, intersecting, or concentric dikes and sills. 
Some are only pipelike enlargements or channels along dikes. In 
deeply eroded areas it can be difficult to determine if an intrusive pipe 
was ever a volcanic conduit However, exposures near the original 
level of eruption show a systematic outward dip of lavas and pyroclastic 
beds erupted from the vent. High-level exposures of necks are also 
likely to contain bodies of agglomerate or agglutinated breccias that 
have slid down from the crater walls, Some may contain fragments 
of water-laid sediments that were deposited in lakes or ponds in the 
overlying crater or caldera and have subsided into the neck. The 
border zones of silicic necks are commonly perliUc or pumiceous near 
the surface, especially where they intruded water-rich wall rodcs. In¬ 
tense alteratiODS of rocks by escaping volcanic gases are also indicative 
of exposures near the origina] vent level (see Demw, Section 13-5). 
Finally, the pattern of columnar joints in otherwise massive necks 
may indicate the relative depth of exposure (Fig. 1^176). 

Pyroclastic textures alone do not mean that the rocks formed near 
the level of the original vent, for explosiotu can reach to considerable 
depths. Most clastic necks consist of nonvitric breccias or tuff-breocias 
containing various amounts of broken country rocks. The fragments 
of country rock may be angular, abraded, or well rounded and in some 
pipes they constitute almost all of the breccia. In general, the deeper 
the source of the fragments, the smaller they are, and the more they 
are rounded (see Williams, 1906, p. 132). 

Intrusive sequence in composite or multiple necks is determined by 
the usual relations of cross-cutting, diking, chilled margins, and in¬ 
clusions. Where basaltic and silicic magmas are erupted simultane¬ 
ously into a neck or dike, the basic magma can chill against the silicic 
one and at the same time be intruded by it (see Bailey and McCalHen, 
1956). Anomalous fine-grained margins can also be produced by 
contact-alteration of older rocks by younger magmas. 
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SuparUclal lnUushn%. Intrusive reUtioos produced at or near the 
surface of a volcanic field may give spurious indications of volcanic 
feeders. Lava streams, for esample. can sink beneath and flow under 
older lavas, thereby producing lo^, superficial sills (Krauskopf, lfi48, 
p. 1280). Deep cra^ in lavas are commonly filled from alwe with 
loose ash, forming pyroclastic dikes that may be very impressive in a 
single outcrop. WilUairu and Meyer<Abich (1955, p. 32) described 
superficial pyroclastic dikes formed where b-actures opened during 
earthquakes and were injected with water-soaked pumice. 
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Field Work with Igneous 

and Igneous-Appearing Plutonic Rocks 


14-1. Conctplt of Plwtenk 6«elogy thcil Apply to Piold Sludiot 

The procedures and terminology presented in this chapter relate 
both to igneous rodcs and to metamorphic (typically metasomatic) 
rocks which have the appearance of igneous rocks- This organization 
has been used because field studies can rarely be started on the basis 
of genetic classifications. Similarly, studies involving so-called pUdtonic 
and volcanic rode associations should not be limited by genetic con¬ 
cepts. for coarse-grained ('plutonic'') igneoiu rocks are known to have 
formed within a few thousand feet of die surface or even as segrega¬ 
tions in lavas. Moreover, migmatites, thought generally to indicate 
deep-lying processes, occur also around some high-level intrusions. 
Preoonceiv^ ideas regarding depths of geologic processes must there¬ 
fore be applied with caution. Thorough, unbiased studies are generally 
essential to understanding conditions of igneous activity. In this book, 
volcanic, plutooic, and metamorphic studies have been separated into 
three chapters purely for convenience; in actuality, the various features 
considered in these chapters may often be found inseparably associated. 

Wliereas many volcanic processes can be observed and measured di¬ 
rectly, plutonic processes must be interpreted indirectly. Sequences 
of plutonic events are imprinted as a series of superimposed structures 
and textures, and all too commonly the last of these has erased the 
others. Interpreting plutonic rocks thus requires sifting out evidenoo 
by working back in time from the youngest or most obvious features 
to relics of former events. Tliese events must often be roconstructed 
from data gathered at widely distributed outcrops, and therefore the 
events can be understood only after mapping is well advanced. Within 
a given pluton, there are four general dasses of features that can be 
studied, those indicating: (1) movements of magma or solid rock, (2) 
sequence of intrusion, (3) rate and sequence of crystallization, and 
(4) concentration and movement of fluids. Mapping should generally 
cover more than one of these classes of features. The more importaot 
described here are: 

1. Hock variants, based on composition or texture. 

2. Various kinds of contacts, including contacts within plutons. 
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3. Various kinds of planar or Unear fabrics and structures, especially 
those related to inclusioiu. 

4. Swanns of parallel dikes, veins, or fractures. 

5. Distribution of various kinds of altered rock. 

Mapping the country rocks for considerable distarkces arourkd a 
phitoo may be more useful than detailed studies within the body, as 
may delineation of metamorphic zones in the surrounding terrain (Sec¬ 
tion 15-13). 

14-2. CartoQrephic Units of Plutonic Igneous Rocks 

Plutonic igneous rocks may be mapped as separate units based on 
compositions, textures, or small-scale structures. Some nearly identical 
rocks can be mapped separately on the basis of intrusive (age) rela¬ 
tions. Just as in sedimentary terrains, ideal cartographic units have 
genetic meaning. Because of the lack of simple stratigraphic relations 
in most plutons, the continuity of plutonic igneous units cannot be 
predicted at the outset of a survey. A reconnaissance should conse¬ 
quently be made before starting to map a large number of units that 
may be discontinuous, gradational, or otherwise obscure. Even after 
units have been selected, several weeb* work may be required to de¬ 
termine the best criteria for mapping them. In general, the more units 
that can be mapped in a plutoo or group of plutoos, the better the 
chances of determining their origin. 

Although geographic names need not be used during the field season, 
they must selected before a report can be written. Generally 
speaking, selection of names is based oo the principles and rules that 
guide the naming of sedimentary units (Section 12-2). 

Ufl/fs based on eempesirien. Units based mainly on mineral com¬ 
position (mode) are i«ed most widely. Although many have been 
formalized by geographic names (as Labonon GronUe, Bonsall Tonol- 
Up), formal designations should be deferred until a rock hat been 
mapped over so large an area that Us contact relations to other rocks 
ore knoton. Where these relatkms are unknown, where correlations 
have not been ebedeed, or where the rock has not been studied 
petrographically, informal designations, as granite of Mopes HiU, basic 
rocks of Selby Valley, should be used. A system that is useful for 
composite intrusions is to give a geographic ruiine to the pluton and 
refer the various rock units to it, as tyenUe of Jonas stock, layered 
gabbres of Hadley pluton. Although these names are used informally, 
they should not duplicate existing formation names. 
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Units based on toxtaro and strueturo. Units based on textures Or 
structures may have at least as much genetic meaning as units based 
on oompoeltion; however, most of them are not formalized as forma- 
tioos, espectally where they are variants in a body with one composi¬ 
tion. Because textures and structures within a pluton vary with con¬ 
ditions of origin, it is appropriate to use the term facies for these syn¬ 
chronous units. Where mapped within one compositional unit, they 
might be given a name such as fine-grained facies of Smith gnuiits.* 
where mapped throu^ a suite of dosely related compositional units, 
a name such as layered facies of Caldwell pluton might be usod. These 
units can be based on characteristics such as porphyritic texture, 
seriate texture, various ranges of grain size, poikilitic grains, grain 
shapes (at hypidiomorphic versus allotriomorphic), miarolitic cavities, 
oomposltional or textural layering, linear structures, various schlieren, 
protoclastic textures and structures, and, possibly, abuirdaoce of in¬ 
clusions. An example of a project where tcoctural and structural fades 
were critical to interpreting a pluton has been given by Waters and 
Krauskopf (1941). 

Units folalod by ago or atsoc/athn. Custotrvarily, related plutonic 
igneous formations have not been assembled into groups; instead, the 
term series has been sviddy used (in some cases implying a sequence 
of units). Because of the restricted stratigraphic meaning of Series, 
it is preferable to use the term Croup in formal designations. Terms 
such as suite, sequence, or ossocioHon can be used informally. Insert¬ 
ing the adjectives igneous. inSrusioe, or metasomatic svill help clarify 
thdr meaning, as WordJaw intrusive sequence, metasomatic suite of 
Jada VaUey. 

UnHs bated on ollerailons. Units based on deutoric or secondary 
alterations can be utilized to trace movements of fluids in plutons and 
may be essential to interpreting ore deposits. These units are funda¬ 
mentally efterotion zones, superimposed on the original composittonal 
or textural units. If geographic names are needed to designate altera¬ 
tion zones, they should be used informally, as kaoUnized Jonas Granite, 
urahte zone of Hartford Gobbro, and chlorUized breccias of Haley fault. 

14-3. Nominq Plutonic Recks 

Where the origin of a rock canewt be determined readily, the name 
used should be based on texture and composition. Names suggested 
in this section are appropriate for rocks with phaneritic (visible) grains 
just as those in Section ipply h> rocks that are largely aphanitic. 
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The ouno rkyohte, for example, would apply to lotrusive as well as 
extrusive rocks of appropriate texhire and oompositioo. 

Figure 1^1 presents a classification of pbaneridc rodcs based on 
their pritKdpal minerals. At each triangular comer, the rock would 
consist only of the mineral shown therci compositions of rocks at inter¬ 
mediate points are proportional to the distances from the appropriate 
comers, os indicated the numbers on the diagranu. Adamellites, 
for example, contsun less than 40 percent of mafic minerals and more 
than 10 percent uf quartz, while between one third and two thirds of 
their total feldspars are plagioclase, The various 10 percent divisions 
are used instead of 5 percent divisions (as those of Johannsen. 1039) 
to enlarge the fields of some names and narrow those of others. The 
adjectives qtutriz-bearinfi and nepheline-bearing are useful for rocks in 
the fields along the line joining K feldspar and plagioclaae (as qiMiriz- 
bearing syenite). The names that follow are based on spedal textures 
or compositions: 

Porp/iyriric rocks (as poqfhf/fHic granite) have very large grains in 
a phaneritic groundmaas (but see porphqriet, bdow). 

Porphyries (as granite porphifry) have phenocryib in a very fine¬ 
grained (less than about 0.5 mm) phaneritic groundmass. 

Pegmatite* (as grartUe pegmatite) are very coarse-grained attd com- 
ironly show marked textural variadODS. 

Aplite* (as granite apfite) have a fine-grained granular texture (with 
or without phenoaysts) and contain less than a percent or two 
of mafic minerals. 

Lampropfu/ret are dark porphyries that contain abundant mafic 
grains both as pbenocrysts and in the groundmass. .Many varieties 
have beo) named, but groundmass minerals may be so difficult to 
reoognizo that terms such as biotite lamprophyre and hornblende- 
ougite lamprophyre must be used at most outcrops. 

Many useful textural varieties of plutonic rocks can be named by 
using adjective modifiers. Traditional classifications of grain size (as 
fine-grained, less than 1 nun; mediorR-groined, 1-S nun; coarse-grained, 
more than 5 mm) may or may not be useful to a given project. These 
limits can be adjusted arbitrarily, or, far better, actual grain sizes can 
be recorded (as i mm granite). The adjective seriate may be used 
for rocks whose phenocyrsts range from large grains to groundmass size. 
Classification of feldspathk rocks into hypidtomorphic and allotrio- 
morphic varieties may be useful because wholly aohedral feldspars 
(especially plagioclase) suggest recrystallization in the solid or nearly 
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solid State. Oriented fabrics are also important, and they will be 
considered in Section 14-5. 

Color index (percent of mafic grains, by vohime) affords a simple 
means of classifying some rocks. The charts of Appendix 3 can be 
used to estimate color index, although variations of overall color with 
grain size must be considered also. In addition to color index, the 
ratios between distinctive mafic minerals can often be used to identify 
rocks whose essential minerals are difficult to estimate in hand speci¬ 
men. Many adamellites, for example, carry only biotite as a mafic 
accessory, whereas most granodiorites carry both biotite and horn¬ 
blende. 

Specific gravltlmM. Rocks that look alike in band specimen can some¬ 
times be named and mapped according to their specific gravities. 
Specific gravity balances are too cumbersome to carry in the field, 
but they can be used in camp to determine large numbers of speci¬ 
mens. Readings within about 0.03 of absolute specific gravity can be 
made quite quickly if rocks are fresh and not too porous. This degree 
of precision is sufficient to distinguish many pairs of similar rocks. 
Another method, suggested by R. G. Coleman (personal communica¬ 
tion), is to carry wide*mouthed bottles of graduated heavy liquids in 
the field and to drop small pieces of rock Into them to see if they sink 
or float Three or four IH X 3 in. amber bottles should be adequate 
if the approximate specific gravities of the rocks are known in advance. 
Mineral chips of suitable specific gravity should be placed in each 
bottle so that changes in the specific gravities of tlie liquids can be de¬ 
tected. Because the liquids are volatile and reactive, the bottia 
should be carried in a strong case, not in a knapsack. 

14-4. Contacts of Plutenk UnUt 

Contacts between plutons and country rocks will here be called 
external contacts, and those between units within phitons will be 
called internal contacU. Either type of contact may be sharp or 
gradational and, in addition, may be described by such terms as 
concordant, discordant, sinuous, angular, irregular, smooth, blocky, 
veined, and so forth. Contacts can also be classified on a genetic basis, 
but usually not until they have been extensively mapped and examined. 
Geometric relations of dikes, inclusions, and other structures, however, 
may show at a particular place that the contact originated by intru¬ 
sion, by metasomatism, or by mixing of two magmas. 
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»9. l*-3. Vetned (left), pensMted (tniddW). tpd veined end permeeted grade* 
tlOM between bomogenout igneous and motamocphlc rocks. 


£jrt#f»ol contacts. Shaq) external contacts can be mapped by the 
procedures described In Section 4-7. They must, however, be walked 
out completely because they can change k^y to broadly gradational 
zones. 

General procedures for mapping gradational contacts are given in 
Section 4-0. Gradations of plutonic rocks to country rocks may bo 
veined, permeated (or porphyroWosttc), or some mixture of the two 
(Fig. 14-2). Depending on the nature of the gradations and the 
degree of exposure, the contacts can be drawn either where the mix- 
hire of country rock and plutonic rock consists of approximately equal 
parts of each, or wl*ere the plutonic rock forms a continuous matrix 
to fragments of country rock. The veined or permeated country rocks 
may alu be mapped as a zone along tlie contact (Section 15-14). 
Dikes in the zone of gradation should be examined for geometric 
proof of dUation, or lack of dilation (Pig 14-3), for discordant flow 
slructurcs and foreign inclusions (Fig. 14-W). and for evidence of 
forceful movements of magma against or ioto wall rocks (Fig 14-lB). 



Intruiive (dtktlve) dike (Uft) aod replacement dike. The beds and 
black win In the left blnck base been aeparated at right angles to the dike walls, 
M CM be proven by matching their lines of intenection acsoas the dike. In the 
case of the Rplavcmcnl dike, all UnKtures prolect through the dike as thouth 
It were not there, showing that there has been no 
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14-4. Intn>»lv« nUUont. (A) Hortsoaui ip*nltic dike with flow Mruchm 
that 4M dlMorduot lo tbe fabric of wall rocks, ■ rounded tadusloa of Kbist that la 
foreign lo iba walla, and gaoinatrically m«tcSi«g waOi. Nmt Monadbllath phiton. 
SDothwast of Avieroora, Scotland- (S) Wadge-thaped apophyaas that oomprass 
bedding adfaceni to tbelr walli; at contact of gianodlortta ato^ Sanu Boia Ranga. 
Kav, 


Intaq>retations of veins and dikes are discussed further in Section 
lS-14. 

Intarnal cenrscta. Sharp istemal contacts between contrasting 
rodes can be mapped readily; however, they may change unpredictably 
to gradational zones of intermediate rocks. Discontinuous sharp con¬ 
tacts between similar lodcs may indicate local erosion or intrusion by 
the magmatic core of a pluton. Some may be faults that passed from 
nearly solid rock into mobile magma. Where rocks are similar, mittor 
textural or compositional characteristics must be utilized to distinguish 
sharp contacts. The contacts are sometimes indicated by discordant 
planar or linear fabrics, by swarms of inclusions, by abrupt changes 
in dike or fracture patterns, or by zones of protodasls or alteration. 
If the contacts go undetected until mapping reveals mafor structural 
disoontinuities, outcrops should be revisited to determine age rela¬ 
tions. These relations can be determined <hi the basis of: (1) dikes 
of tbe younger rock in d)a older, (2) industoos of the older rock in 
the younger, (3) alteration of the older rock by the younger, and (4) 
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the fact that the younger rode cuts across veins or inchisions in the 
older. 

Gradational internal contacts are typically obscure and therefore 
difficult to map. Some gradations within plutons are so broad that 
the term coniact loses its structural signiBcance. In feldspathic rocks, 
the gradations can often be traced on the basis of color iodex, or on 
the basis of the ratios of critical ma6c minerals, as biotite and born* 
blende in granitic rocks. Although fresh, dark>coIored rocks are dif* 
ficult to map by color index, weathered surfaces often show minemls 
clearly. Feldspars are generally whitened by weathering, while olivine 
is altered to limonitic pits and hypersthenc is bleached to golden or 
bronze-colored deavable grains. Gradational contacts between ma&c 
rocb can also be keyed on the first appearance of distinctive accessory 
minerals, as biotite, olivine, or quartz. 

After the eziteria for drawing gradational contacts have been estab¬ 
lished by studying several complete gtadaboas, rode diips from these 
gradations can be carried in the field as a standard for plotting other 
outcrops. The color-spot method is espedatly useful for this type of 
mapping (Section 4-10). 

Zones of mixed (hybrid) magmo$. Some gradational zones suggest 
that one magma intruded into or against another. If both magmas 
were largely liquid aod had similar physical properties, the only 
textural evidence of mixing may be corr^^ grains that have survived 
interaction in the hybrid magma. If one magma was nearly aolld, the 
hybrid zone can be expected to show partially disintegrated and re¬ 
acted indusions of one rock in the other. Where the more crystalline 
magma was pliable, the inclusions may be spindle shaped or streaked 
into lines and stratiform mixtures of the two rocks. A striking struc¬ 
tural relation Is that where one rock occurs both as dikes oruf as In¬ 
dusions in another. This condition may arise because the two magmas 
had different temperatures of crystallization. Gabbroic magma, for 
example, may locally be chilled against granitic magma. 

Although the rocks in the hybrid zone may have compositions suit¬ 
able to simple mixing of the two adjacent magmas, volatile materials 
can cause strikingly heterogeneous textures. Where basic and granitic 
magmas have mixed, for example, the basic rocks may have large 
poiidlitic grains of potassium feldspar or biotite, and the granitic 
rocks may have dots of mafic grains or ortboclase phenocrysts with 
rims of plagioclase. 

Motmod tontocts. Convindng evidence of intrusion or meta¬ 
somatism may be difficult to find where contacts have been deformed 
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fly. 14-5. Granitic rock with a follatioa that paasca Into country rocki without 
doflectloo. Coalact aoo* ol FfamaovQU granlt* at Anta da Sciotot. Nodnaody, 
Franca (aaa alto lha 6gurat ol Martin, 1053). 


during Iste-magmatic or postmagmatic stages. Structural relations 
commonly appear oontra^ctory. In Fig. 14-5, lor example, the 
granitic rode is intrusive, but late-magmatic deformation of both the 
intrusion and its walls has produced a through-going planar fabric 
that makes the dikes appear metasomatic. The strongly lineated, 
plicated contact of Fig. 14^ was probably also formed in this way. 

If deformation occurs when the rocks are abnost solid but still hot 
enough to recryitallize moderately, broken or bent grains should be 
apparent (Fig. 14-7C in Section 14-5). Adjacent country rocks should 
abo be sheared aivi granulated. 



fly- 14-4. Contact of th« Arddich (nuiite oe HUi of Aitnoch, Nalrnshlr*. SoothMl. 
Note that (he pbaw fabric of the granite croctea the conuct at various angles but 
is typically paraDel to layering is (ho adiolntng metamorphie ledcs. There to a 
strong liaeation ia the schists but not In the granite 
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14-7. PluMT (abrict In plucmic (here, granitic) rcdu. Quarts U (tippled, 
(eldtpar unpetterned. end maBc grains bleck. (A) Simpk Bow fabric In hyi^lo- 
morptiic granular rode. (B) Fabric showing effects of late Bow (note change 
in ibapoc of quartz grains compared to A). (C) Strongly protoclaitlc fabric. 
(D) Cnnffic gnete, dicwing lenses of btolMa grains and simple granoblastlc tea* 
tore which have resulted from raciytulbzatlon during and following defonoatlon. 


Dynamothermal morumorphUm typlctliy makes igneous rocks 
schistose or gneissose (Section 15-3). Although the new foliations 
oommonly parallel contacts for h)ng distances, they cross them locally, 
cither without deviation or with a distinct sigmoidal bend. These 
relathms must be examined over large areas to determine whether the 
body is a metamorphosed Igneous pluton or a metasomatlc plutoo. 

14—5. Planar and Linear Fabrics In Plutonic Reeks 

Bocks have a planar fabric when platy grains are oriented so as to 
be more or less peraUei and linear grains lie in various directions in 
this plane. Rocks witli a Oncar fabric have elongate grains aligned in 
a linear sense, as logs in a stack of cord wood. Many plutonic igneous 
rocks have discemable planar fabrics and less obvious linear fabrics 
that lie in the plane of the planar fabric. These terms refer to tex¬ 
tural aspects of the rocks, that is, to statistical orientations of shaped 
grains. Fabrics may or may not be associated with planar or linear 
structures such as composltionBl layers (or bands), sdiUeren, and 
inclusions; furthermore, rock fabrics may or may not be parallel to 
these structures. 

The genetic term flow rfnicturer should be reserved until the origin 
of a given fabric has been estimated, for planar and linear fabrics may 
originate in a number of ways. They may form: (1) by streaming or 
viscous flow in magma that is largely liquid (brace the term flow 
struciure), (2) by rotation, shearing, and recrystalliaation in magma 
that contains only moderate or small amounts of liquid, (3) by en- 
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tirely metamojphic defonnatk>& (solid flow), (4) by accumulsticm 
sod compaction of tabular or elongate crystals and magma on a smooth 
floor. (5) by outward growth of elongate grains from a solid surface, 
and (6) by inheritance of metamorphic fabrics, as during meta- 
somatisin. The following criteria can be used to interpret textures 
at any one outcrop. 

1. True igneous flow. Many grains are eubedral or subhedral (Fig. 

14- 7A); biotite is often in pseudohescagoctal, equidimensional grains 
that are not well oriented. Tabular minerals, especially feldspars and 
biotite. are best oriented; quarta is in equidimensional anhedral patches 
or in euhedra and rounded subhedra; lineation is typically formed by 
hornblende prisms, elongate feldspar tablets, and pyroxene prisms. 

2. Largely solid igneous flow. Quartz is anhedral and somewhat 
lenticular or iineate; biotite typically forms flakes or aggregate masses 
with grossly Unesu or planar shapes; feldspars are locally bent or 
broken; fractures at about right angles to linear and planar fabrics are 
common (Fig. 14-7B). Mafic aggregates in basic rocks show some¬ 
what elongate or lensoid patterns. Protoclastic textures occur where 
recrystallization is slight, leaving abundant evidence of granulation; 
characteristically, streaks of biotite and thin sheets of recrystallized 
quartz are molded around lenticular or rhombic fragments (porphyro- 
clasts) of feldspar (^g. 14-7C). 

3. Solid (metamorphic) flow. Fabric is stronger and more per¬ 
sistent than in igneous types, with exception of some protoclastic rocks; 
feldspars are anhedral and in granoblastic aggregates with quartz 
(Fig. 14-7D); mafic grains, especially biotite, are in well-oriented in¬ 
dividual plates or aggregates, as in lemischlsts and gneisses (Section 

15- 3); in more schistose rocks, fine-grained oriented muscovite and 
chlorite can pseudomorph former feldspars artd mafic grains. 

Sedimentation fabrics may be closely similar to flow fabrics. In¬ 
herited metamorphic fabrics in metasomatic rocks should be parallel 
to and continuous %vith the fabrics of surrounding metamorphic rocks, 
unless deformation has taken place during metasomatism. 

Fabrics can be interpreted more completely by observing their 
relations to contacts, inclusions, compositional layering, and fractures. 
In Fig. KMA, for example, the rounded shape of the transported 
iivciusion and the sinuous pattern of the banding iixlieate that the 
fabric is a true flow structure. In Fig. 14-5, the continuity of the 
fabric through iiwlusioas and dike walls shows it formed at a stage 



384 


Monuai of Fhld Goology 



R«, 14-1. Met4ioiattlc dUtM of Ugh(>colored (rooitlc rocki to mora maSe toultto, 
Suita Ludt fUnfe, Calif. Cndn-ldca ftructuro of tonalite to ia vertical pfaM 
perpmdlcular to pag«, and panai through dlkaa. Note (1} Ian modJfiod aepta 
that cron the cUcm. (8) oontinualloin of daifc Induiioua from tonallto Into diket, 
and (8) control of (ha diket by a lat of oou fraeturea In tba tonaUto, locally 
fonning tharp cocitacta. 


when the magma was largely solid (type 2, above). Inherited fabrics 
in metasomatic rocks can also pass through contacts as well as indu* 
dons (Fig. 14-8). Further relations between fabrics and related 
structures are described in the next three sections. 

Mefhodf. Oriented fabrics that are obscure in hand specimens can 
often be seen In dean outcrops measuring several feet across. Rocks 
tend to split along the aligned cleavage surfaces of feldspars and 
micas, and both the shape of outcrops and the grain of the topography 
may reflect the fabric of the rocks. 

The number of readings and symbols needed per unit area will de¬ 
pend on the consistency of the fabric and the purpose of the profect. 
Several readings should be taken at each large outcrop or group of 
outcrops before plotting a symbol. If all tl>e readings are within 5 
or 10^ of their average, the symbol may be plotted with a straight 
strike line. If attitudes are more variable, the outcrops should be 
examined to trace out the continuity of the fabric. Moderate rolls or 
irregularities will be found in many cases, and a sinuous strike line 
can be used for their symbol. When different ages or kinds of fabrics 
are present, distinctive symbok should be used for each, and the 
relations between the fabrics should be sketched and described in 
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d)e notes. Detailed structural analyse may be usehil if two or more 
directions of rolling or folding are suspected (Section 15-11). 

Smooth outcrop surfaces lying at an angle to a planar fabric will ap¬ 
pear to have a linear fabric Siufaces exactly parallel to the planar 
bbric must therefore be used for measuring lineations. Unless line- 
ations arc unusually strong and persistent, more three-dimenskmal out¬ 
crops may be needed than can be found in many areas. Detailed 
studies, however, can often be made at quarries, road cuts, stream 
gorges, or sea cU&. Oriented samples are of great value in interpreting 
the origins of planar and linear fabrics (Section 15-12). 

14-6. Inclusions and Related Structures 

The term ineUtticn is used here in a descriptive sense, referring to 
any foreign appearing fragment or circumscribed body that lies in a 
more homogeneous rock. Most schHertn (Section 14-7) are dis¬ 
tinguishable from inclusions since their streaky and elongate shapes 
are not clearly circumscribed at the ends. Inclusions may be classiSod 
as foDows: 

Xenollth. Fragment of foreign rock. 

XenocrysS. Mineral grain of foreign origiD. 

Cognctre xenolith. Fragment of igneous rock formed as an earlier 
part of a composite or multiple intrusioQ. 

Aulofith. Early segregation or accretionary body in magma. 

Orbicule. Spheroidal body with concentric or radiate variations in 
oompositioQ (autoliths, in part). 

SArisfith. Relics of country rodcs isolated by metasomatlc growth of 
host. 

The shapes and fabrics of inclusions can often be used to interpret 
the fabric of the surrounding rock. They tnay also serve as a measure 
of squeezing, fracturing, attrition, replacement, or overgrowth (as of 
orbicular rims) within the pluton. The cases shown in Fig. 14-9 are 
based on actual examples but are simplified to permit comparisons. 
!n case A, angularity of inclusions and sweeping patterns of fabric in 
the host indicate igneous flow; in B, the planar fabric of the host may 
be a true flow fabric or may have formed by flow and flattening of 
nearly solid materials; in C, continuity of fabric through inclusions 
suggests metamorphJsm or strong late-igneous flattening; D shows a 
common type, suggesting early orientation of induskms by flow of 
liquid magma, followed by crystallization at rest; £ suggests late re- 
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Ml. 14-9. RekUom between inchulOM and rock fabrics (tee (ext for expUmHoo). 


placcinent of incKisions iilong internal fractures; in F, large feldspar 
grains (porphyrobbstt) have grown ia irwliisions; the continuity of 
rock types and structures in cases C and H point strongly to meta¬ 
somatism. 

Some igneous units can be recognized by the kind or abundance of 
their inclusions. Moreover, xenolitbs of disUirctive rocks can some¬ 
times be used to determine the artrount of movement or degree of 
mixing in a magma. If patches or bands vdthin a pluton are charac¬ 
terized by certain kinds of inclusions, their distribution may establish 
the former continuity of country rock units through the pluton. This 
would iixlieate they have been partly replaced or only moderately 
displaced as the pluton formed. Pitcher (1963) describ^ a detailed 
field study of this type of relation. 

Inclusions slwwing concentric zones with different textures or com¬ 
positions provide a record of reactions and exchanges with the host. 
Inclusions of one original type, as shale or basalt, may bo classified ac¬ 
cording to tbrir degree of reconstitution, axKl their distribution may 
indicate movements and reactions in the phiton. 

1^7- laytrt end Schlieren in Plutonic Recks 

[.aiftrs in plutonic bodies are stratiform features that differ from 
one another in composition, texture, or both; they are often called 
baruU because of their appearance on outcrop surfaces. These fea- 
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tures are analogous to sedimentary beds, and, like beds, they may be 
thick or thin, obvious or obscure, and tabular for long distances or 
lenticular. They may also be folded, broken, or deformed into various 
shapes. The German term Scfilieren b sometimes used for these layers, 
but it is more appropriately applied to streaky, wisplike, or nonstratl* 
form concentrations of dark or tight minerals. Alternately, schlieren 
may be called ttreoks, wispt, or other descriptive names. Most layers 
and sdUieren can be measured and plotted as planar structures; some 
have linear shapes or associated linear structures that can also be 
measured and plotted. 

Layers and schlieren can form In different ways, and it b possible 
for several types to occur in a given pluton. It b therefore necessary 
to classify them in a useful descriptive way that will serve, if possibl^ 
to distingubh them genetically. The foliation symbol used for each 
type should be designated by a small letter or other suitable mark. 

Layers and schlieren are here organized, for convenience, into 
five genetic classes. Although the Ibt b tentabve and some of the 
structures described are problematical, all known possibibtles should 
be considered in the field; otherwise large-scale relations might be 
grossly misinterpreted. 

a. Lay«rt formed by accvmulaflen of crystals on o floor. 

1. Craoity sorting of Ugfii and haaoy grains from a magma current. 
Layers origiDate essentially as sedimectary beds, and therefore show 
features such as density grading (with heavier minerab concentrated at 
base), cut-and-fiU relations, cross-bedding, slump-folds and faults, in- 
traformational breedas. and channel-like structures (Fig. 14-lOA). 
Layers may be superimposed rhythmically or Intercalated with layen 
of homogeneous rock that formed between pulses of currents. Indi¬ 
cations of tops and bottoms of layers must be consbtent. Planar and 
linear fabrics \^en present are parsllel to layers. 

2. Differentiation after separate infections of magma. Layering 
requires repeated injections of fresh magma, each followed by a 
period of quiesence. Minerab at base of layers are those that formed 
first, as magnetite, chromite, and olivine in basic rocks; remainder 
of layers may or may not show discemable variations. Layers arc 
likely to be thicker (tens or hundreds of feet) than those of 1, above, 
and may show local current effects. Planar fabric may be strong, 
moderate, or absent; linear fabric should be rare or absent. 

b. Layers formed by growth of minerals from a pfenar Intarfoee. 

1. Changes in magmatic conditions may lead to repeated layers. 
Minerab tend to have comb fabric at large angles to interface, or may 



2SS 


Mai*val ot F'ftd G^ofogy 



H|. 1^10. Lay«n hu) ichliercfi in pKiionic rodci. A]I vitnrt mc esnenttelly vnr- 
Mctl Mctton* cKecpt B and D, which an horizontal. (A) Syztcmaticnlly (roded 
and «R>ded(?) laym la (onolUe; Tiofa region. Sierra Nevada. Cnitf. (8) Comb- 
fabric In layered pyreowne dlorile at oontnet with eortiet (onalite (left); Ljike 
Tohor, CaMf. Couitoty ol A. A. Loonli. (C) Flow layer* and acblleren in 
gnaodiorite; .Ml. Coan^ Stem Nevada. CoUf. (O) Dike ahowing mafic rain- 
eralt and large feUipar tableb concentrated Into liyen and achlioren oblique 
to walk Arrow Indimtes kok of late Bow. Near Mt. Conoaat, Siam Nevada. 
Calll. (£) Thin nuBc layers in dfice, showing fabrics that lie oblique to contacts 
of dike kit parallel to fabric of the surKHindiag Aar granite. Soudi of Ooeebeneo. 
SwHzestand. (F) Hornblende gabbro, showing two sets of feldspethte 'layers.” 
Near Enicrprise, Stem Nevada. Calif. 
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show budllke or branching shapes (Fig. 14-lOB). Probably similar 
stru<^ures om form late in history of pluton by fiUings in tension frac* 
hires (comb veins). 

c. (oyers end sch(/«ren formed by various hinds of flew. 

1. Flow of heierogeneout magma. Original heterogeneities may 
be caused by cootaminatlcm, differentiation, mixing of ma^as, par* 
tial fusion of heterogeneous rode, or unequal distribution of volatiles, 
and subsequent flow layen may thereby differ in composition, texture, 
or both. If pseudosedimentary structures are present, they will rut 
give a consistent sense of tops and bottoms (Fig. 14-lOC). Primary 
flow lineation is usually present and should lie in plane of layers. 
Swirled flow-folds like those of lavas occur locally (Fig, 14-4A). 

2. Extension of heterogeneous magma by late, largely solid flow. 
Flattened inclusions and schlieren lie at right angles to principal flow 
direction (Fig. 14-lOD). New fabric commonly crosses primary 
layering anid oootacts. Planar fabric is typically of type 2 described in 
Section 14-5, and it may locally lie obliquely to earUer fabric. 

3. Plow of irdtiaUy homogeneous magma. Balk (1902. pp. 24-26) 
suggested t^t different mineral species might be sorted into layers 
because they offered different frictional resistance to moving magma; 
this hypothesis provides oiw explanation of graded layers that lie 
against steep contacts. 

d. Metamorphism (esperiaffy meraaemor/sm) of bedded rocks. 

1. Pseudomorphs of all kinds of sedimentary structures can be 
formed, causing similarities with type a*l (p. 287); however, some 
layers should have compositions that are generally nonigneous. as 
quartzite, marble, or calc-silicate rocks. 

e. late*moaRiaric ond secondary foyers and schf/eren. 

1. Metasomatism on fractures subporalkl to earlier planar fabric. 
This is probably caused by concentration of fluids on planar surfaces 
or on shears that are subparallel to the planar fabric. Their secondary 
nature is indicated where the layers cross one another (Fig 14-IOF). 

2. Filings in earliest tension fractures deformed by late flow. Veins 
or dikes emplaced along swarms of tension ^ctures can be stretched 
or smeared by late flow so as to look like primary flow layers or 
schlieren. Here and there, however, they should cross, or they may 
be traced to less deformed structures. 

Layers and schlieren of one type may be modified at later stages. 
Late flow commonly orients their fabric at a considerable angle to 
their gross shape (Fig. 14-lOE). The orientations and shapes of 
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inclusions can also be used to deterniine the stage when certain layer- 
structures fomied (Section 14-6). 

14-6. Fractures eivd Related Structures In Plutens 

Maps of ^ctures can be used to interpret late deformation and 
ahcralions within phitons, for the maps show the overall pattern of 
^ctures relative to fabric aiul other features. Moreover, the patterns 
can be interpreted relative to the shape of a pluton and the structures 
in the country rocks around It. Some fracture systems can be seen 
to be closely related to intrusive movements of the rocks; others may 
be uiuelat^ to intruskm. Balk (1937) described principles and 
nwlhods for mapping fractures, along with summaries of a number of 
ftdd studies. Examples of detailed studies are those given by Cloos 
(192S), Martin (1953), and Hutchinson (1956). The variety of situ¬ 
ations found by these investigators demonstrates that each phitoo 
must be examined critically in its own light. It is especially important 
that fractures be classified as completely as possible at the outcrop 
and plotted witli distinctive symbols. 

Geometric rtlafhni to Fabric. In the widely used system introduced 
by Hans Cloos, fractures are classified by their relation to primary 
(flow) lineatioM in the rock. Cross (Q) frocturet lie at approximately 
GCT to the lineadon; longUudittel (S) fracturea strike parallel to the 
trend of the lineation and dip steeply, and primary flat {L) fracturea 
dip gently, if at all. and include the lineation (Fig. 14-11). If linear 
fabrics ojid schlieren cannot be found, fractures con be related to 
planar fabrics. Useful and common fractures are those that (1) lie 
at approximately 90* to the planar fabric, (2) are parallel to the 
fabric, and (3) form conjugate (oomplecnentary) systenu that strike 
either with the fabric or at large angles to it It may bo convenient 





ng. 14-11. Dissrsm Uhistratiaa terminol¬ 
ogy of frectura that can ba related to 
KoMr fabrics or linear schikrea. The 
curved surfece represents the contac* of 
the phitoo. After Belle (1997). 
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Nf. 14-11 D«irk Ubukr dlk«« la granodtorlt*. ptMlcif laterally into teduitoa 
fwannt. Not* intnutvo reltOon of granodioritci to dllco at Iowa* left Pretick 
L*k«, Siarra Nevada. Caltf. 


to give arbitrary letter designations to th«e fractures in the notes, 
but this need not be done on the map if fabrics and primary structures 
are plotted. 

Ago ctauifitations. The relative ages of fractures should be deter¬ 
mined. for fracture systems of dl0erent ages could give a misleading 
composite map pattern. Early-formed tension fractures are generaUy 
filled with fine-grained rocks similar to those of the main phiton, or by 
pegmatite, aplite, or dark porj^yritic rocks. The earliest dikes may 
be fractured, strewn out, or partially assimilated or graniiiaed by the 
host rode (Pig. 14-12). These relations show that the plutoa soli^Bed 
both slowly and spasmodically, for late flow followed fracturing Some¬ 
what younger fractures carry deposits of deuteric minerak such as 
quartz, epldote, d)iorite, actinolite, serpentine minerak, carbonates, 
hematite, and zeolites. Fracture walk are commonly altered to these 
minerak. The relative ages of fractures can often be determined 
where two kinds of veins or dikes cross, or where one deposit has been 
reopened along a medial or marginal fracture to admit another kind 
of deposit (Pig. 14-13). 

Early shear fractures are characterized by protoclastic zones or 
bands in which crushed minerak have recryitallized to gneissose or 
sdiistose aggregates. Later shears typically bear aj^auitic smears of 
mylonite or gouge. 

The youngest fractures in plutooi are usually clean, unaltered joints 
that either formed in the latest stage of solidification or are entirely 
secondary. The latest secemdary joints in many areas lie approximately 
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flf. 14-11. Qtuutz(rf«kisp«thic <ill(« (unp«n«*i>e(I} cut «>ong medial and marginal 
(ractUTM by loumaliM veins (Mack). Naar English Mt., Siam Nevada, CaM. 


paiallel to the topographic surface, suggesting that they fcnmed by 
eroeiofwl unloading. 

Genetic cfosslAcariens. Many fractures in plutons can be classified 
as either tensioa fractures or shear bactures. Most tension fractures 
dilate and fill with dike or vein materials. If tliey carry no deposits, 
their walls are commonly altered by fluids that passed along them, 
yielding anything from slrarply demarcated metasomatic dikes (espe¬ 
cially of pegmatite and aplite) to vague zones of bleached primary 
minerals (Pig. 14-8). Shear fractures, on the other hand, are diarac- 
terized by granulation and smearing of miiserab, by abrupt changes 
in the orientation of rock fabrics at their walls (Fig. 1^14A). by 
slickensides atxl grooves, and by offsets of inclusions, layers, schlieretr, 
dikes, and veins. Feather (tension) joints indicate the direction of 
shear along a principal fracture (Fig. 14-146). Shears may be classi- 
6ed as normal faults (hanging wall down), revene faults (hanging 
wall up, dip more than 45^), thrusts (hanging wall up, dip less than 
45*), and strike-slip faults (movement mainly in the direction of 
strike). The direction and amount of net slip can be determined where 
a linear feature or two divergently dipping planar features are cut 
by shear fractures (Fig. i4-14C). 

Tabular dikes and veins are commonly granulated or sliclceosided 
along their walls or on medial fractures, providing evidence of two 
stages of movement on one fracture set. 

Methods. Except for the most detailed mapping, tension fractures 
are generally plotted only where they occur in sets or parallel swarms. 
Individual slican, however, should be plotted as completely as space 
allows. Symbok for dikes and veins can be distinguished from tliose 
for joints by drasving a heavy strike lirw or a double strike line (Ap¬ 
pendix 4). An accessory letter can be used to indicate the type of 
deposit or alteration. Shears should be plotted by a fault symbol with 
a short strike line; a number can be used to show the number of shears 
in a set (Pig. 14-14C). A single symbol is generally used for the aver- 
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age of readings ranging through 10* or so within a set, but it should 
not be used for the average attitude of widely divergent fractures. 
Several prominent frachire-directions can be plotted as a group of 
symbob whose strike lines cross at the locality where the readings 
were taken. Stereographic projections can be used to plot and analyse 
fractures where cross-cutting relations indicate complex movements. 
These plots will be especially valuable if the fractures can be related 
to primary fabrics and structiires. 

14-9. Alleretiens of Plutonic Rocks 

Field studies of rock alteration should include (1) mapping zones of 
mineral alteration and crushing, f 2) examining and plotting small-scale 
structures along which alteration has taken place, and (3) sampling 



Ra. (A) Sheet nf proCoclasttc panodiorite cutting pUnor fahriej South Pork 

of Feather River, CaUf. (5} Feather joints and bleadted rod: related to shear 
in granodJorMe; west of Donner Simunit. Calif. (C) Large outcrop surface that 
dip* steeply toward the ahaerver, showing set of nine late shears in granodinrtte. 
The two dtkes have a oosaponent of dip toward one another, thereby recording a 
systematie sense of offset on the shears. Fabric and schheren dip steeply Into 
the outcrop, as shown by tbe map symbols on the iid>t. Near Enterprise, Siena 
Nevada. CaUf. 
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where altered and unaltered rocks can be related to the mapped fea¬ 
tures. Alteration zones should be mapped as an overprint on primary 
units and structures, as by placing transparent overlays on field sheets 
and plotting color spots or patterns for a given alteration. These maps 
can show that the alterations are connected with certain rocks or struc* 
tures in a plutoo, or that they are related to structures and units in 
the surrounding terrain. Alteration minerals should be matched with 
fracture sets or systems so that age relations between crossing fractures 
can be used to date alterations. Some hydrothermal alterations are 
closdy connected with contact metamorphism, and the two should 
therefore be examined concurrently (see Section 15-13). Examples 
of detailed studies relating various alterations to hracturing and igneous 
processes have been given by Cilluly (1946) and Mackin (1947,1954). 

A large number of deuteric and secondary minerals can he used as 
a basis for mapping. Some occur in a variety of rocks; others are re¬ 
stricted to certain types. Seridtizadon of plagioclase and chloritization 
of biotite take place in most feldspathic ro^, especially in granitic 
rocks. Silidfication typically forms fine-grained tou^ rocks with 
blurred to obscure relict textures, while argilUzation (production of 
clays from silicate minerals) yields softer rocks that generally show 
clecu textural relics. Thoroughly albitized feldspathic rocks may be 
nearly white, light green (colored by epidote a^ chlorite), or light 
red (colored by hematite or hydrated ferric oxides). Other minerals 
that may dtaracterize various alterations of feldspathic piutonic rodcs 
are zdsite, carbonates, barite, fluorite, zeolites, alunite, pyrite, and 
various ore minerals, especially chalcopyrite, galena, and sphalerite. 
Hot fluids in particular can alter granitic rocks to coarse-grained 
quartz, tourmAlioc, and muscovite, locally with scheelite, casslterite, 
magnetite, pynhotite, wolframite, or topaz. Common aherations in 
basic and ultrabasic rocks are olivine and enstatite to serpentine 
minerals, pyroxenes to uralite (aggregates of adcular actinolite) and 
chlorite, and caldc plagioclase to whitish or greenish aggregates of 
fine-grained albite, epidote, zoisite, seridtc, and caldte. Other im¬ 
portant secondary minerals in basic rocks are dolomite, ankerite, 
magnesite, siderite, magnetite, pyrite, prehnite, talc, and various base- 
metal sulfides. The nephdine in feldspathoidal rocks is commonly 
altered to cancrinite or to a variety of zeolites or clays. 
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Field Work with Metamorphic Rocks 


tS-1. Sludlvi 9f M«4am«rphic RMk( 

Metamoq>hic rocks indicate sequence aod nature of processes within 
the earth just as sedimentary and vokaoic rocks indicate sequence 
and nature of processes at and near the earth's surface. Studies of 
Rvetamorphic rocb not only advance our knowledge of earth proc¬ 
esses and history but also may be crucial in eq)loring for mineral 
deposits or planning engineering projects. Often, these studies must 
be thorough enough to evaluate sequences of new features, for a 
given metamoTphism is typically the composite effect of several proc¬ 
esses and events. The following should be done if possible: 

1. Determine the premetomorphic lithology ai>d stratigraphic se¬ 
quence. 

2. Map the premetamorphlc rock units and structures. 

3. Classify and map the metamorphic rocks and structures. 

4. Determine the amounts and kinds of deformation. 

5. Map zones of nMtamoiphic minerals or textures. 

The relative importaiKe of these studies and the order In which they 
are undertaken will depend on the individual case. Typically, several 
can be done simultaneously, and each kind of study will contribute 
infornution to the others. Determining the origii»] lithology and 
distribution of rock units Is generally very important because meta¬ 
morphic changa can be guided or limited 1^ premetamorphic features. 
Prirnary textures and structures, for example, can control metamorphic 
deformation considerably, and primary mirterals (or minerals formed 
during an early stage of metamorphism} often limit those that can 
form subsequently. 

The d^b and therefore the pressure at which a given metamor¬ 
phism took place can sometimes be approximated by broad strati¬ 
graphic ar>d structural studies. Zone mapping may indicate directly 
whether mctamorpliism was caused by igneous intrusion, by deep 
burial, or by deformatiOQ. Metamorphic temperatures and pressures 
can sometimes be estimated by comparing mineral assemblages with 
laboratory data on the synthesis of minerals. In order to do this re¬ 
liably, the total metamorphic history of a suite of rocks must first bo 
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determined by combined field and textural studies. In interpreting 
an assemblage of homfelsee, for example, it may be important to recog* 
nize that some minerals are relict to regionai metamorphism, others 
formed during thermal metamorphism, and still others formed during 
later stages of hydrothermal metamorphism. This genetic sequence 
might be established by tracing out rocks and structures relative to 
intrusions and late vein systems. Because metamorphic age relations 
are so crucial in these studies, outcrops that show superimposed struc* 
tures or textures should be studied and sampled with particular care. 

tS—2. Cartographic Units of Metomorphic Roeki 

As with sedimentary and igneous rocks, any physically distinct body 
of metamorphic rocks that can be plotted on a map can serve os a 
cartographic unit There are two kinds of metamorphic units: (1) 
metamorphosed sedimentary or igneous formations and (2) meta* 
morpbic zones. The first kind of unit is based on premetamorphic 
lithology, the second on the kind or degree of metamorphic changes in 
the rocks. Because of their fundamental nature, metamorphic zones 
must be superimposed on metamorphosed formations. The two kinds 
of units must therefore be mapped separately and distinctly. 

Units based on original lithology are so important that all possible 
methods should be used to recognize and trace them. Ideally, unmeta* 
morphosed formations are traced to the area being studied. Their 
contacts should be mapped through the metamorphic terrain regardless 
of how the metamorphic grade or appearance of the rocks may change. 
These units should be named as outside the area of metamorphism; 
however, their metamorphic nature should be Indicated in some way 
(as metamorphoaed £rrin Cong,lomenUe, aiotet of tho Sheldon Forma¬ 
tion, garnet metamorphic zone of the York ShaU). 

Although most metamorphic units cannot be traced to less altered 
formations, their original lithology and sequence can often be inter¬ 
preted from relict textures and structures. These units should be 
defined and given geographic names as described in Section 12-2. It 
is useful if the lithologic part of the name connotes both the original 
and the metamorphic lithology of the unit (as ManJey Slate, Smith 
Metabaeali, Lorin Morble). The description of the unit should cover 
both the original nature and the metamorphic nature of the rocks. 

Units of higphly deformed or recrystalUzed rocks have customarily 
been formalized by geographic names, even though their original 
lithology and sequence cannot be determined. In many cases this 
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creates do problemi however, such units may be metamorphic variants 
of less altered formatiODS named differently elsewhere. 

Where unusually strong deformation has affected large rode bodies, 
with the result that individual rock types can be plotted only as lenticu¬ 
lar or irregular relics, informal names should be used for both the col¬ 
lective and individual units (as Weltner metamorphic complex, am- 
phibofitei of Jakes Ridge). Informal names slwuld also be used where 
metamorphic units are indistinct because of poor exposure or incom¬ 
plete study. 

Metamorphic zones. A metamorphic zone is the outcrop of a rode 
mass characterized by certain metamorphic minerals, textures, or 
structures. Such a zone may be defined on any useful basis as long 
as it is secondary to the original rode. Because zones show the dis¬ 
tribution of certain kinds or degrees of metamorphism, they are essen¬ 
tia] to understanding the progress and catises of a given metamorphism. 
Methods used in mapping metamorphic zones are described in Sec- 
Uon 15-13. 

15-3. Naming Mtfomorphic Recks 

Rock names used in the field should be based on characteristics that 
can be recognized at single outcrops and can be correlated with features 
observed under the microscope. Field dassifications must generally 
be desoiptive rather than genetic, but their defining characteristics 
should be such as to suggest genetic relations as the mapping pro¬ 
ceeds. In the system suggested here, the main rock name is based on 
the texture of the rode and the prindpal mineral constituents are 
added as modifying nouns, for example, hondtlende-quartz schist, 
andalusite-biottie homfeU. Both parts of these names are thought to 
carry considerable genetic meaning. 

A name must b« used consistently, regardless of where a given rock 
occurs. A schistose rock, for example, should not be called a hornfels 
because it is found In a contact aureole. .Mixed or superimposed tex¬ 
tures should be indicated in names or described in notes because they 
may indicate two or more periods of metamorphism. 

The textures that form the basts of tlie classification are: 

Schistose. Platy or elongate grains oriented in a parallel to sub- 
parallel way so that the rode cleaves readily; may be dassified further 
as foliated or lefridoblaslic where the preferred orientation and deavage 
ore planar, and lineated or nematoblMic where they are linear. 
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CranobUutic. Cniiiu approximately eqiiidimeosionai; platy and 
linear grains oriented at random or so subordinate that cleavage is not 
developed. 

Homftlsic. Grains irregular and interincluded but generally too 
small to be seen clearly; rodcs recognized in the field by immu^t 
toughness, ring to hammer blow <if fresh), and hackly fracture, com¬ 
monly at all angles to bedding or foliations. Under hand lens, freshly 
broken surfaces show a sugary coating that will not rub off (formed 
by rending of interlocking grains). 

ScmiscAistose. Intermediate between schistose and nonschistose 
textures and useful where platy or linear grains are so few or so un¬ 
evenly distributed that the rock has only a crude cleavage; cspedaDy 
cennmon in partially metamorphosed granular rocks, as sandstemes 
and igneous rocks. 

Catadastic. Clastic textures resulting from breaking and grinding 
of solid rock materials; characterized by angular, lensoid, or rounded 
fragments (porphyroclasts) in a very fine-grained and typically 
streaked or layered groundmass. The term mortar structure can be 
used for completely unoriented arrangements, whereas the terms 
jfhactndal, fleuer, and imgen are useful for rocks with lenticular relics 
(Fig. 15-1). These textures and structures are especially obvious 
where cataclastic sheets cut through massive or bedded rocks. 

Craindz 0 terms. Actual sizes should be recorded where possible; 
the terms fine-grained, medium-gnuned, and coarte-grained might well 
be adapted to the rocks being studied because a single set of dimen¬ 
sions cannot be applied with equal meaning to all rock groups (an 
unusually coarse-grained homfels, for example, might be finer grained 



Rf. ia>l. Catadastfc rocks. (A) Mortar structure fai cmuclattic granKe. (B) 
Pbaccida) meudiorit*. (C) Mylonltized granite. AL samples are 3 in. across. 
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than a typical medium-grained schist). The adjective porphyrobUutic 
applies to any rock where large grains have grown during meia- 
morphism in a finer-grained groundmass. 

The various rocks can be classified as follows: 

0 . S<iiisrese reeks 

1. Sdiisi. Grains can be seen without using a microeoope. 

2. FhiftIUe. All (or abnost all) grains of adiistose groundmass too 
small to be seen without a microscope, but cleavage surfaces have 
sheen caused by reflections from oriented minerals. 

3. Skite. Very cleavable but surfaces dull; tougher than shales and 
with cleavage commonly oblique to bedding. 

4. PhyUonUe. Appearance like phyllite, but cataclastic origin in¬ 
dicated by relict rock slices, slip folds, and poiphyroclasts. 

h. GranobfesSic recks 

L Cntnuff/e or grmofsts. Cranoblastic rodcs, irrespective of min¬ 
eral composition; because gmnuUte can connote special compositions 
and conditions of origin, the name grariofets may be preferred (Gold¬ 
smith, 1959). 

2. Quartzite, marble, and amphibolite. Compositional names that 
generall)- connote granoblastic texture; exceptions should be modified 
where ebrity requires, as schistose amphibolite, homblende-plagiocJase 
kom/els, homblende-plagioclase schist. 

3. Tactite (skam). A useful name for heterogeneous calc^ilicate 
granuliles and related metsuomatic rocks of typically uneven grain. 

e. Nexnfefsrc rocks 

1. AH called homfels. or, if relict features are prominent, the ad¬ 
jective homfelsic may be used with the original rock name (as horn- 
felsic andesite, homfelsic con^omerate). 

d. Stmiscfiisrese rocks 

1. SemisehW. Fine grained (typically less than % mm) so that In¬ 
dividual platy or Uneate grains are indistinct; relict features often 
common. 

2. Gneiss. CeneraJly coarser than % mm with small aggregates of 
pbty or lineate grains in separate lenses, blades, or streaks in an other¬ 
wise granoblastic rock (Fig. 14-70); pUty or lineate structures may 
be distributed evenly through the rock or may be concentrated locally 
as layers or lenses {banded gneiss); some byen or lenses may be en¬ 
tirely granoblastic or schistose. 
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e. Ceriaclattic reck* 

1. Where origiDAl oeture of rode is still apparent, the adjective 
c ot acUu t ic can be used, as ca i a c lastic gnuiite, or special structural tenns 
may be used, as flaaer gabbro, phacokial rh^oiite. 

2. Mylonite. Crushing so thorough that rock is largely aphanitic 
and generally dark colored; may be layered and crudely fissile but not 
schistose like phyllonite; porphyroclasts commonly rounded or lenticu* 
lar. 

3. UltromyUmite, pttiidotachylite. Aphanitic to nearly vitreous- 
appearing duk rode typically injected as dikes into adjoining rocks. 

The textures of many low-grade metamoiphic rocks are so domi¬ 
nantly relict that names such as mosdoe metohnsa/t and senurc/tisfose 
metddneife are most appropriate. Where metamorphism (typically 
hydrothermal) has produced one or two prominent minerals, rodcs 
with dominant relict textures esm be given names such as chloritized 
diorite and teridtizsd gnmtte. Strongly metosomatixed rods with 
coarse or bizarre textures may require such special names as greisen, 
quartz-achorl rock, and comndum-mioa rock. 

Folymttatnorphlc recks. Polymetamorphic rocks are those that have 
been afiected by more than one period or kind of metamorphism, and 
they should be given suitably compounded names wherever possible. 
The commonest types form where late shearing or hydrothermal 
fluids cause retrograde metamorphism (diaphtborcsis) of higher grade 
rocks. Names such as sheared gneiss and phyUomtized gronulite 
can be used where the changes are mainly cataclastic, and names such 
as chloritixed gomet-biotite schist and albUixed amphibolite can be 
used where the changes are mainly hydrothermal. Another common 
type of polymetamorphism is produced where igneous bodies intrude 
regionally metamorphosed rodcs, commonly forming crudely fissile 
homfels from phyllite. Magmas and assodated fluids may also in¬ 
ject or alter adjoining rocks to produce -oeined schists, feldspaihited 
granuiites, permeated schists, and so on (see Seertion 15-14). 

SuperpositiMi of two schistose or semischistose fabrics is another 
common type of polymetamorphism. It may be indicated by folded 
or kinked platy or linear grains, by crinkled, knobby, or offset dcavage 
surfaces, or by thin bands of new schist cutting obliquely across an 
older sefaistosity. Names like crumyAed or plicated schist, or sheered 
or phyllonitixed schist can be used for these rocks. Becatue crumpled 
or sheared schists or deavages can be produced during one ptfiod of 
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inetanioq>hum, th« foliAtkias should be studied relative to folds and 
associated structures (Section 15-S). 

1S-^. Premeiomorphic lithole(iy end Sequence 

The successful interpretation of metamorphism depends Consider- 
aUy on detennining the original lithology of a given suite of rocks. 
Not only must the original rock types be determiacd, but also their 
textures, compositions, and small-scale structures. An argillaceous 
sandstone, for example, is likely to react differently to metamorphic 
processes than a well-sorted quartzose saodstone, yet each may bear 
relict sand grains after metamorphism. Similarly, thermal meta- 
morpliism of phyllite may produce a decidedly different product than 
thermal metamorphism a clay shale. These differences are caused 
in part by comp^tions (including volatile substances), in part by 
mechanical response to deformation, and in part by the effects of 
permetbility and grain size on the rates of mineral reactions. 

Some mineral assemblages are directly indicative of original rode 
types. Almost all quartzites, quartz-rich schists, marbles, and calc- 
silicate rocks are of sedimentary origin. They should be examined 
for relies of coarse textures (as in mctaconglomerates and biobermal 
limestones), sand-size layers, or thinly laminated beds that suggest 
fine-grained sediments. Micaceous rocks with grains of kyanite, 
andalusite, or silUmanite form from claystones rich in iUite or kaolinite, 
while schists with staurolite, chloritoid, or abundant pink garnets 
form from more iron-rich (chloritic or montmorillonitic) claystones or 
siltstones. Ultrabasic rocks yield such unique rocks as talc sdiists 
and aothophyllitk schists, but few other meta-igneous rocks can be 
recognized on the basis of composition alone. Amphibolites, for ex¬ 
ample, can form from basalt, diabase, gabbro. basic tuffs, tuffaceous 
sediments, mafic graywackes. or dolomitic nnidstones. At least as 
great a variety of rocks can yield mctamorphic rocks consisting of 
micas, feldspars, and quartz. Relkt textures and structures must 
therefore be souglit carefully in these rocks. The brief suggestions 
that follow can be supplemented by the descriptwos and figure^ in 
the three preceding clupters. 

Metasedimentaiy rocks are most easily recognized by their relict 
bedding, especially where some layen or lenses are calcite bearing or 
quartz rich. Amphibolites of sedimentary origin are commonly inter¬ 
calated with gray-green calcareous layers rich in diopside or scapoUte, 
or brownish layers containing much biotite. Associated micaceous 
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rocks often contain ellipsoidal xooad bodies of calc-silicate minerals 
that formed from calcareous or dolomitic coocretioas. 

Metalavas typically form thick massive layers which are so re¬ 
sistant to dynamic metamorphism that porphyritic textures and 
structures remain locally, except in the most altered rodcs. Pillows 
and large blocks or bombs are often recognizable, aiul smaller pyro¬ 
clastic fragment] can occasionally be seen on smooth wet surfaces. 

Intnisive bodies, even those small size, tend to retain their gran¬ 
ular or porphyritic textures, even after strong dynamothermal meta- 
morphism. Tliese textures may be more obvious in slightly weathered 
outcrops than under the microscope. Small bodies may show dark, 
fine-grained (originally chilled) margins, apophyses, and indusions; 
however, similar features can be formed by catadasls. and therefore 
the textures of the rodcs must be examined carefully. Larger bodies 
should be mapped to locate diagnostic cross-cutting relations. Meta¬ 
morphosed contact aureoles can be recognized around some intrusive 
bodies by noting the destruction of typical cootact-metamorphic 
minerals and the partial conversion of homfels to schist. 

SUotigraphie sequence. The most valuable implement for unraveling 
metamorphic history is a firm stratigraphic sequence of premetamorphic 
units. The surest way of determining sequence is to trace lithologic 
units to (or from) less metamorphosed terrains. Where this is not 
possible, sequence can be determined by (1) selecting and mapping 
cartographic units that are based on origind lithology aitd (2) finding 
fossils or relict structures that indicate tops of beds or flows. Mapping 
formations establishes the pattern of folds and faults and thereby de¬ 
termines the geometric sequence of the rock units. This s equence. 
however, may be completely inverted in stron^y deformed rocdcs, 
so that the true sequence has to be established by stratigraphic meth¬ 
ods. When comparing metamorphosed and unmetamorphosed se¬ 
quences, possible changes in thickzwsses should be considered. It 
will commonly be found that metamorphosed units have been thinned 
or thickened along slip surfaces that cut the bedding at a low angle. 
Incompetent units are characteristically thinned on fold limbs ax>d 
thickened at fold hinges. 

Where fossib are present, they provide exceedingly valuable evi¬ 
dence of sequence and may permit correlations with unmetamorphosed 
formations. They occur most frequently where metamorphic cleav¬ 
ages lie parallel to bedding (usually on the limbs of folds), or in blocks 
or slices of marble or quartzite that have escaped strong dynamic meta¬ 
morphism. In metavolcanic sequences, calcareous lenses, and 
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pockets in pillowed lavas and associated tuffs can yield well-preserved 
fouib. Altbou^ massive fossils would seem to be the only ones that 
would be preserved, delicate fossils can be found here and there on 
cleavage surfaces of slates, phyllites, or associated calcareous rocks. 
They will usually be distort^, but a paleontologist familiar with the 
original forms can frequently recognize them. 

Stratigraphic sequence can also be determined from relict small- 
scale structures such as those described and illustrated in Chapters 12 
and 13. These structures can be preserved nearly perfectly or can 
be distorted or blurred to various degrees. Cross-bedding In quartzites 
is frequently recognizable, even after rather high-grade metamorphism 
(Fig. 15-2A). Faulting on arcuate surhices, however, may pr^uce 
somewhat similar patterns in schists and gneisses (Fig. 1S-2B). 
Metamorphosed size-graded beds commonly show gradations in color 
or composition; aluminous silicates may cluster in their more argilla- 



Hf. I*-J. Stnictum fci mHuedimentuy rodts. (A) Relk* croa-beddina ta 
Motix. rfihiolr.«nia qtitrtzitei. dbtorted by flowtge of unknown tfe. Faoe of 
qwro-at Locb Sbfau. Suthethnd. Scotbod. (B) Pseudo-esw-Uddfa^ in ichlitt 
and qiurtsilcs: Santa Ucia Ranfo. Calir. (C) Andahurte porphyroblasts at tops 
of itndad beds, auteola of Aidan pitston. County Doaefal, Iiuland. 
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ceous ( upper ) parts (Fig. 15-2C). The larger of the various sole mark¬ 
ings can be found in many homfekes and low-grade schists. The 
tops of beds can alM be determined from the geometric relations be¬ 
tween folded beds and secortdary cleavages (Section 1S~8). 

15—5. Studying Metamerphk Defennation 

Metamorphism almost always results in defonnation. Studies of 
metamorphism should ascertain the nahure of a given deformation, 
its directions and magnitude, and its age relative to recrystallizaHon. 
These studies must often cover a host of structural details; however, 
they should be planned so that basic mapping precedes local detailed 
analyses. One way of organizing these studies is as follows: 

1. Make a general geologic study of the area by mapping units 
based on premetamorpbic lithology, by determining sequence from 
relict structures, and by plotting principal foliations and lineations. 

2. Re-study major structures (as folds shown by distribution of 
lithologic units on map), carefully noting the relation of minor 
(outcrop-size) structures to them. At the same time observe relations 
of foliations and lineations to both minor and major structures. Micro¬ 
scopic study of oriented samples will help In interpreting foliations and 
lineations. 

3. Where structural relations are unsolved (perhaps because of 
two or more periods of deformation), analyze the be^-known parts 
of the major structures by plotting various foliations aird lineations on 
spherical projections. This constitutes a statisticid comparison be¬ 
tween the various minor structures and the major ones. 

4. If defonnation is still unsolved, especially where two or more 
deformations must be interpreted in granular rocks, make a thorough 
microscopic study of oriented samples, using petrofabric (statistical) 
methods when necessary. 

If fonnational units cannot be mapped os in step 1, it may be pos¬ 
sible to map the rocks in zones characterized by certain textures and 
structures (Section 1^13). The remaining studies could then be ap¬ 
plied to each of these zones. 

15-d. Foliations and linaotiont 

Metamorphic foliations and lineations can form in a number of dif¬ 
ferent ways, some of which are not well understood. Although they 
should be interpreted as fully as possible in the field, mapping must 
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general])' be started by classifying foliations and Boeations on a de¬ 
scriptive basis. 

FeNetiens. Foliation can be applied as a general term to meta- 
morphk structures with platy, layer^, or planar aspects. These struc¬ 
tures can be named as foUows. 

Layering. Assemblages of parallel tabular bodies differing in com¬ 
position or texture (essentially like bedding in sedimentary rocks); 
often called banding because of appearance on two-dimensional out¬ 
crops. 

SchitiotUy. Platy or elongate grains oriented in a parallel to sub¬ 
parallel way. so that rock cleaves readily; sfoSp cleavage in very fine¬ 
grained rocks is probably analogous. 

Cneiisoje structure. Small aggregates of platy or elongate grains 
in separate lenses, blades, or streaks; grain sizes typically greater than 
0.5 mm. 

Slip cleavage. Closely but finitely spaced subparallel surfaces of 
cleavage akwg which sbp has taken place. 

Fracture cleavage. Closely but finitdy spaced subparallel surfaces 
of cleavage along which no slip has taken place. 

Secondary cleavege, obHque cleavage. Useful substitutes when the 
foregoing terms cannot be applied confidently. 

The maximum dimension limiting the terms closely spaced is gen¬ 
erally about % in. in fine-grained schistose rocks and about 2 in. in 
coarse-grained schists and massive rocks. 

Where it is possible to discern two or more foliations of one Und 
but of different ages, the sequenoo can be numbered, as slip cleavage 1 
and S. Notations can also be simplified by assembling foliations into 
groups related by age or geometry. This is commonly done using 
the letter S with a subscript number; for example, compositional 
layering and a parallel sebistosity could be labeled St, slip cleavage 
and a parallel sebistosity Sj, and so forth. 

t/neefioAs. A lineetion is a preferred (subparallel) orientation of 
one or more kinds of linear features. A great variety of hneaUons may 
be studied and mapped. Some give direct dues as to the amount, 
kind, and direction of deformation; others may be problematical until 
the map is complete and thdr patterns can be compared to all other 
deformatiODal features. If the scale of the map is small, lineations 
can be plotted and compared on spherical projections. Where linea¬ 
tions can be related to distorted primary structures, their genetic im¬ 
plications will be particularly dear. 
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Ideally, all kinds and degrees of llneations should be mapped, but 
limitatioiu of rime and scale usually make it necessary to select only 
a few. Especially useful are axes of folds whose closure can be oV 
served at large outcrops or closely spaced groups of outcrops. Smaller* 
scale Uneations associated with folds include creoulations in schists, 
lines of intersection of bedding and secondary cleavages, intersoctioDS 
of two or more cleavages or other foliations, and such related structures 
as boudins and rods. Relict structures that can be deformed into linear 
bodies include pebbles, fossils, inclusions, odids (odliths), pellets, 
amygdales, lapilli, and volcanic blodcs or bombs. If the original 
shapes of these struchxrcs are known, llieir new Uneate shapes can 
be used to determine the direction and amount of deformation. Ernst 
Qoos (1947) has described a study of this type. 

Slip surfaces may have linear mineral smears, striatioas, or grooves 
indicating direction of movement. Lineations formed by elongate 
mineral grains or by elongate aggregates of grains are commonly 
formed where rock bodies have recrystallized during or after deforma¬ 
tion. 

A small letter can be placed at the origin of each lineation arrow 
to designate the kind of lineation, and a small number can be used 
to signify the relative age of the lineation. Linear structures that 
have formed at the same time, or by closely related movements, can 
be grouped into families, as Uneationt 1, Untations i. These designa¬ 
tions help keep data meeningful, especially when all readings cannot 
be plotted on a map. 

15-7. Geometric Styles of Feldlr>g 

Not only can folds be plotted as linear dements, but their general 
shapes or geometric styles can be used to assess the distribution and 
intensity of deformatkm. Marked variations in fold style over an 
area should therefore be described or mapped At the same time, 
the relations of folds to foliations and lineations should be noted, as 
described in Section 15-8. These data will be particularly useful in 
determiniiig the distribution of two or more periods of folding 

The following suggestions regarding terminology are illustrated by 
Fig 15-3. An important aspect of fold style is the degree of divergonoe 
of the limbs and their symmetry relative to the axial plane (A, B, 
and C in the figure). Terms relating to the degree of curvature at the 
hinge line, to the degree of similarity between the folds in successive 
layers, and to the attenuation and slipping out of limbs are shown by 



308 


Manual of FiM Goology 

examples D through /. The shapes of axial planes ood the alignment 
of axes give a measure of distribution and regularity of movement, 
with variations shown by examples K through P. Cases M, N, and P 
typically occur in aoft rocks or in deeply buried rocks, in which rapid 
plastic dcfoormation is possible. Figures 15-15 and 15-16 show other 
examples of "flowage" folding in mixtures of metamorphic and gra¬ 
nitic materials. 

PefoUinfl. Complex patterns like those of Pig. 15-3P may indicate 
refolding. The critical relations in outcrops are a persistent geometric 
arrangement of culminations and depressions formed by folding of 
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n«. I9-4. Rafoldcd rods. (A) Hand ipcdinm of koobby tchM from aa outcrop 
whoro two axM of folding can be won clearfy- West of Healdaburg, Calif. {B) 
HorlzODtal glaciated surfaea in Strath Cooon, Scotland, showing the approodmate 
axial traces of older (F|) and younger (Ff) rets of folds. (C) Incbned outcrop 
surface near locality of B. showing refolded isoefinal folds. These outcrops were 
kindly shown to the writer by Michael ]. Flevty. 


old liinbs and axes (Fig. 15-4A and B), or the outright evidence shown 
by folded isoclinal folds (Fig. 1S-4C). Hinges of the earlier folds 
are likely to be destroyed in most places, but crudely quadrate or 
rhomboid patterns may still be seen on smooth sxirfaces. 

1S-g. Foliations end LinoeHens Rotated to Folds 

When geometric styles of folds are noted and described, foliations 
and lineatiOQS associated with them should be studied, measured, and 
plotted. If there is not enough space for all these features on a rruip. 
the axes of individual folds and perhaps one or two prominent foliations 
can be plotted. Their relations to other foliations and llneatlons can 
then be sketched and described in the notes. Drawings are most 
useful if made when looking parallel to the fold axis, for most linear 
structures related to folding trend either parallel to the fold axis or at 
ri^t angles to it, presximably because of rotation, slipping, and flow- 
age around the axis during metamorphism. Aberrant lineatioos and 
foliations may have been caused by irregularities in the original rode 
bodies, by geometric variatiom as the folds grew, or by a second period 
of folding. 
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The general size of the folds and the strength of the rock matedab 
should be noted as these various features are studied. A large body 
of incompetent beds, for example, is likely to fold less regularly than 
a few beds within the body. The relative amounts of flexure, solid 
flow, and sbp should be assessed at each group of outcrops. Time 
relatioiu between deformation and reoystallizatioo are also important, 
as illustrated the cxsunples described in the next paragraph. 

Relations between older and younger foliations and lineations can 
be seen most easily in medium to coarse-grained schists, grwisses, and 
granuhtes. Figure 1S-5A shows a case where schistosity is exactly 
parallel to the layering (probably relict bedding) in parallel-folded 
rocks. It b almost certain that this schistosity is older than the folds. 
In case 6, the rocb were also schistose before they were folded, but 



Bs- »*-»• FW«iom bctw«eo fahstlons and folds in schists and rcinted lOcfcs. 
(4) Folded Motaef?) whists and qoastxiM with pnnllcl granitic sbevt; 300 ft 
south of MonadhliaUi phiton, iMw Aviemore. Scodand. (9) Cltnnoled schM from 
Si«th OykdI. SnthHlawl. Snihnd. (C) Schist and feUspathIc quartxitesi Valloy 
of Kln^ Wvw. Black Forest. Germany. (D) Schist and feUspathic quartziles; 
nortli of Scourfe. Srrthnland. Scotland. 
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P4. IS-*. SUp>fol(M Moto«(P) tchifti sad Quarttofddqwtbic rocks, west oi 
Avferoore. ScotUnd. Note thet mlces (sSort dedies) fn the thin pertinss bcNveen 
quoftz-rich layers are oriented parallel to the cleavage la adfolning schist. 


a new foliation had begun to fonn along some limbs and axial planes. 
At the outcrop, the roclu cleave almost as readily in this new direction 
as along the older schistosity. In case C, the rocks recrystallized con* 
siderably during folding, for the micas at fold lunges have been pressed 
or sheared so as to grow parallel to the axial planes. The mica-rich 
layer in case D has also recrystallized during folding, but here the 
new orientation is similar to that of secondary cleavages in many 
finer-grained rocks (compare Fig. 15-7). Finally, the case shown in 
Fig. 15-6 strongly suggests slip folding (translation of thin sheets of 
rock parallel to the new schistosity). The critical relations are: (1) 
the schistosity is approximately parallel to the axial planes of the folds, 
regardless of the compositions of the layers. (2) the folding is similar 
(harmonic) bom one layer to the next, and (3) the distance sub¬ 
tended by any one cleavage surface on a given layer is approximately 
constant, regardless of where it occurs in the fold (this results in an 
apparent attenuation of layers on fold hmbs). 

Cleavoges in fin«-gralned rockt. Individual grains cannot be seen 
in slates and phyllites, but relations between cWvages and bedding 
can be used to interpret defonnation. Slaty cleavage commonly lies 
parallel to the axial planes of argillaceous beds that were folded tightly 
as they were metamorphosed. Figure 15-7A shows this relation dia- 
grammatically; the ro^ cleave on an infinite number of surfaces 
parallel to the lined pattern of the drawing. This cleavage can form 
when compression normal to the axial planes flattens the rocks as 
they recrystallize. It can also form in consequence of shearing on 



3F3 


MonwoF of FMd Goology 



Ht. l5-r. Soeonduy deavaget in fiae.gnliMid rocki. (d) Simple add plane 
cleavage in slate. (S), (C) aod (D) Secoodaty daavafea in fold^ pfayDOea and 
quarizitai of Senu Roaa Range, Hombddt Co., Nev. 


closely fpecod surfaces that parallel the ami planes. The origin of 
the cleavage can sometimes be detennined if deformed relict fossils, 
Obids, or saixj grains can be observed. Oriented samples should there¬ 
fore be collected for petrographic studies (Section 15-12). 

Where competent and incompetent beds are intercalated, secondary 
ciMvages are commonly oblique to axial planes, except at fold hinges. 
Figures 15-7B, C, and D show several cleavage patterns in folded 
quartzites and phyllltes. The cleavages illustrated are either fracture 
cleavages or slip cleavages with displacements of 1 mm or less. Re¬ 
gardless of how they form (this is much argued), oblique cleavages 
such as these are valuable for determining tops of beds at isolated 
outcrops and for estimating the position of an outcrop relative to the 
overall geometric form of a fold. The angle formed where cleavage 
surfaces pass from phyllitc layers into quartzite layers is especially 
useful. Outcrops at the crests or troughs of folds show cleavages 
that pass from one bed to another without deflection, whereas out¬ 
crops on limbs of folds show a distinct angle in the cleavage at the 
contacts between beds. Tl»e tops of the beds can be determined by 
the sigmoidal curve of cleavages in micaceous or feldspathic quartzite 
beds (Fig. 15-7F) or by the unilateral curve in graded bods (Fig. 
15-7C). A useful empirical rule for determining tops of obliquely 
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Hf. 19-a. Folded eecondary dcavegee. (A) Gent}/ dipping qiurtdte bed ihow- 
iag vertfct] fncture cleave^ de^irmed Into Mecp^ plunging mioor Mdi; Senu 
Ron Range, Nov. (B) Older cleavage (thin arrow*) folded and cut W«f*Hy by 
a younger deovaga (heavy arrow). The patterned bed has been oSeet into a 
sawtooth ihape along the earlier cleavaga. From Shenandoah River Vallty, aootb 
of Harpers Ferry. After Nidceben (1956, p. SfiS). 


cleaved beds is that the acute angle between the cleavage and a 
bedding surface points in the direction the adjoining bed slipped 
toward the hinge of an adjacent fold (Fig. 15-7D). These determina¬ 
tions of sequence should be tested by reference to relict sedimentary 
structures because an entire sequence may have been overturned be¬ 
fore it was folded and metamorphosed. 

Examples of field studies in v^ich cleavages and related lineations 
were used to interpret larger structures are given by Wilson (1951) 
and Nickeken (1056). 

Folded e/esveges. Folded cleavages provide evidence of a secoikd 
folding of beds (Fig. 15-6A). If a second set of cleavages formed with 
the younger folds, however, the beds themselves may be difficuh to 
recognize (Fig. 15-86). Statistical methods may be helpful in sorting 
out the structures formed during each defonnatioa (Section 1^11). 

Boudins end reds. Thin beds, veins, or dikes enclosed in incom¬ 
petent materials are frequently broken, rotated, and squeezed into 
linear bodies during metamorphism and folding. The commonest of 
these are bouditu (literally, sausages); two types of these linear struc¬ 
tures are shown in Figs. 1S-9A and 15-16Z7. Rod* or rodding structure 
are chiefly quartz or quartzofeldspathic bodies that have been folded, 
dismembered, rolled out at right angles to ihdr lengths (Fig. 
15-86). judged by their streamlined profiles, these bodies are typi¬ 
cally deformed as they are emplaced; many appear to be segregated 
mctamorphically from the surrounding rode (Gilbert, 1^). 

Boudins and rods should plunge parallel to the fold with whidi 



3t4 


Manvot oi f'fld G*o/ogy 



Rf. l»-«. (A) CtMved tiMMOui beds la knectono, pvtid^ dismpeed Into ItiMor 
tbooibe; PtknMto Mn.. Nev. (B) Rods ud rslstad linair rcUcs ot sUlcato vdoi 
ki ombfe; Ssota Lueto Range. CeU. 


they are associated. Tliey must, however, be examined carefully to 
make sure they are not relict sedimentary structures (Fig. 12-J>C). 

Dng folds. Aldsough true drag folds can form during Hexure-slip 
folding, asymmetric folds in metamorphosed thin-bedded rocks can 
also fonn by slip or solid flow oblique to bedding (Fig. 15-10). In 
cither case, these minor folds should plunge paralld to the main fold 
on which they formed, and their luymmetiy should indicate their rela- 



IJ ^ bedding.plai* sijpi an anttctiiMi 

W. After Cair (18«l. p. 871). (B) Put of small fold in phy»|t« and quartxlto. 

aiynn»etrio ertokka of dUeaous ksnfoaa and v«ln la cloaved phyllite 
Stnu Rosa Range. Nev. 
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tive position on a major fold. They can also be used to determine 
stratigraphic sequence, provided they formed during the irujor fold¬ 
ing. A later slip folding, for example, could form mioor folds with 
the opposite sense of asymmetry. These various minor folds must 
also 1^ distinguished from relict sedimentary slump or flow folds 
(Fig. 12-14). 

15-9. Deformation Structuros in Massive Rocks 

Foliations and lineations in massive rocks are less striking than those 
in bedded rocks, but they can indicate load stress-strain relations more 
rdiably because of the homogeneity of the rocks. Large intrusive 
bodies are ideal units, and thick lava flows, tuff-breedas. quartzites, 
metacon^omerates, or marble beds can also be useful. 
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MetamorphSc solid flow reniiUng in flittening and rotation of grains 
typicafly forms a simple schistosity. If the rocks are extended most 
in one direction, equiditnensional bodies wiQ become linear (triaxial) 
eUipsoids whose longest axes lie in the plane of the schistosity (Pig. 
1S>11A). A massive rock can also be made schistose if sheared on 
ck»ely spaced surfaces. Shearing in a systematic scum would de¬ 
form equiditnensional bodies into eUipsoids whose longest axis would 
lie oblique to the schistosity (Fig. 1S>11B). Veins or other tabular 
structures would be expected to show slip-folded fcHrms. The slip 
surfaces can often be recognized by their thin layers of phyllonite and 
by the way they part and join to form bnear bodies (Fig. IS-llC). 
Mineral ai^ smear Ibieatioiu on the slip surfaces may indicate the last 
direction of sl^. 

Slip sometimes takes place on two complementary (conjugate) sets 
of surfaces, cutting the rock into prisms with rboml^ cross sections. 
In some cases, shearing of this type takes place intermittently, or con¬ 
temporaneously, with ^ttening and rotation of grains. The rock may 
then show various slip surfaces and schistose fabrics that intersect in 
a pronounced lineation (Pig. 15-llD). 

Joint and Vain Patterns In Dafermad Recks 

Almost all dynamothermally metamorphosed rocks are cut by one 
or mote sets of joints or veins. The commonest set lies at approxi¬ 
mately right angles (nearer flO*) to prominent lineations; other frac¬ 
tures strike parallel to the lineations (Fig. 1S>12A). Complementary 
(conjugate) sets such as those in Fig. 15-12F and C may also be 
associated with folded rocks. Whether they are true shears or not. 
if they are oriented consistently to fold axes, they can be used to trace 
folds through obscure outcrops. 

Veins or fractures with clrusy mineral coatings or altered walb 
should be mapped in preferenoo to dean joints, which may be younger 



Hf. i^it. CocmMxi fracture pMtettta In defamed rocks. 
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than the metamorphism. Segregations of quartz, epidote, and car¬ 
bonates are especially common on fractures formed during k>w-grade 
metamorphism. Fractures in higher grade rocks are likely to bear 
quartz, alkali feldspars, and various tnetamorphic minerals. Sequences 
of veins can be determined in some areas, while folding or slicing out 
of veins may indicate the relative ages of two defoimations. 

15—It. Analyses on Spherical Prelections 

Structures can be analyzed statistically on spherical pro(ectlons when 
they cannot be mapped to scale. These analyses have the ultimate 
purpose of interpreting deformational movements, altbotigh their more 
immediate use may be to detect obscure folds or to determine whether 
there has been more than one direction of folding. In any case, it is 
important to plot structures whose sense of displacement can be seen 
at the outcrop. The analyses are generally made on Lambert eqrial- 
area (Schmidt) proiections. as described by Phillips (1954) and 
Badgiey (1969). 

A genera] and often preliminary analysis can be made when the 
general mapping is completed (step 1, Section 15-5). A transparent 
overlay is attached to a net and each bedding or foliation symbol is 
plotted as a point that represents the pole (line) perpendicular to the 
structure. Linear structures are also plotted as points, but with dif¬ 
ferent symbob or colors. If the overlay becomes too crowded, different 
kinds of structures can be plotted on separate transparent sheets. These 
sheets can be superimposed to compare the geometric relations be¬ 
tween the structures. If points of lineatioas define a distinct axb 
around which the points of planar structures form a girdtelike band, 
a strong case for simple (cylindroidal) folding has been made (Pig. 
15-13). If the plot shows considerable divergence of some structures, 
the outcrops should be re-examined. If the divergence is still un¬ 
explained, or if the plot shows only vaguely p r eferr e d trends, the area 
may be analyzed further, as follows; 

1. Divide the area into subareas, each consbting of a geometric 
part of a major fold, as a hinge or limb, or a major segment of a 
structural zone (Section 15-13). 

2. Construct a plot for each subarea by measuring many attitudes; 
the readings should be distributed as evenly over the subarea as pos¬ 
sible. 

3. Compare the diagrams of subareas to determim whether the 
spread of points on the general plot was caused by geographic varia- 
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Kf. IKtt Plot «f MH>w«rt fold am 
(nbd does) and poles to bedding and 
cleavage planes (circkt), based on an 
equsl'tuea net. 


tfons from one subaren to the next; perhaps it was caused because the 
structures in one or more of the subareas fonned at di0ereot Hmes. 

4. Re-examine outcrops to determine the relative ages of structures. 

5. If there were two ages of folding, it may be possible to unfold 
(uodeform) structures to determine tbc patterns of earlier folds (see 
Phillips. 1954, p. 28; Badgley, 1959, p. 1«}. 

Dqiending oo the area concerned, many useful variants of these 
methods can be used. Weiss and McIntyre (1957) and Ramsay 
(1958) have described stxrdies that combined mapping and structural 
analyses. 

15-12. Oriented Samples for Micreseopie Studies 

Oriented rock samples provide a means of InlerpretiDg structures 
plotted on the map They arc especially useful in identifying cleav- 
ages and lineatiODS in fine-grained rocks. Although laboratory pro¬ 
cedures are not dealt with in tills book, it should be emphasized that 
they need not consist of petrofabric (statistical) studies alone. The 
microscope can be used in simpler ways to determioe movements on 
foliation surfaces, relative age of fobations, and age relations between 
minerals and structure. 

Sample must be marked so they can be oriented relntivo to the 
g^ogic map. For rocks with a planar foliation, the strike and dip 
of the follatioo can be marked as in Pig. 15-14A. The attitude of the 
plane is then measured and recorded along with the decription of 
the specimen. The relathne of this lurface to bedding and meta- 
morphie featuree must be sketched and described in the notes. The 
rock b marked either before being knocked from the outcrop, or else 
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after being fitted exactly back in place on the outcrop. If there is no 
planar foliation, a strip of tape placed parallel to the horizon with the 
word level on it will record part of the orieniatiMii a second piece of 
tape on a nearly horizontal srirface is then marked with a north arrow 
(Fig. 15-14B}. Alternately, pieces of tape marked with strike and 
dip symbols can be placed on any two planar surfaces of the rock; 
the attitudes of the two surfaces are then measured and recorded 
in the notes. A felt-tip pen or colored pencils can be used instead of 
tape. 

If petrofabric studies will be made, literature on this subject should 
be read before collecting samples. Samples for petrofabric studies 
should be chosen after mapping is well advanced and thoir role in 
solving problems is dear. 

15—13. Moppin 9 Metomerphie Zones 

Rocks subjected to a variety of metam^hic conditions can he 
mapped profitably as a series of zones based on key minerals, textures, 
or structures. This procedure Is founded on the principal that rodcs 
with the same initial composition and structural properties should 
develop characteristics that depend only on conditions of metamor- 
phism. Each set of characteristics affords a basis for mapping a zone, 
and the progression of zones gives unique evidettce of the kinds and 
intensities of metamorphism. The pattern of zorws, in turn, may in¬ 
dicate the cause of metamorphism, for example, where zones are con¬ 
centric around an intrusion. 

Zone mapping requires a reconnaissance and preferably a complete 
mapping of premetamorphic units. The criteria for the zones should 
be selected during this mapping. These criteria should be based on 
one premetamorphic rock type, and it must be widely distributed. 
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readily recognizable, and sensitive to variations in metamorphic con* 
ditions. Zones can be mapped by plotting color spots or letter sym* 
bob for outcrops with suitable cWacterutks. B^use many meta* 
morphic changes are broadly gradational, the first appearance or db* 
appearance of a key mineral, texture, or structure must often be used 
to map zone contacts (Section 4-8). Reversals and other complica¬ 
tions should be described in the notes. New key minerals, for example, 
may be concentrated locally on shear zones or near veins, indicating 
localized effects of granulation and fluids. Relics of low-grade rocks 
io higii-grule zones can indicate that the high-grade rock passed 
through the states of lotoer grade zones. 

Because of variattoos io rock properties and metamorphlc hbtoriee, 
methods that sttccced in one area may fall in another. Each area must 
be considered individually; the suggestions that follow present only 
a few possibilities. 

Mineral zonet in regional terrains. The most widely used mineral 
zones in regional metamorphlc terrains are based oo the first appear¬ 
ance of certain index minerab io schbtose metashales. Slates contain- 
log cbys and clastic chlorite and mkas are first recrystallized to phyl* 
lites or schbts with new metaniorpliic chlorite and muscovite; then, 
tl» following minerab appear with increasing degrees of metainor- 
phism: red-bro%vn biotite, almandine garnet, staurolite (if the rodes 
are rich in iron), k)-anite, and sillimanilc. Thb well-known sequence 
b paiticiilariy useful because the minerab are commonly dbtirwtive In 
luind spedmen. Several samples should be examined at each outcrop 
because only a few layers may have suitable chemical compositions or 
be coarse-grained enough to show index minerab. Age relations be¬ 
tween minerals must abo be noted, for chlorite and muscovite can 
form by retrograde reactions in hi^-gradc rocks. 

Basic rocks, os metabasalu, can be zoned by the following criteria: 
(1) disappearance of dilorile (to form hornblende), (2) disapx>ear^ 
ance of cpidole (to form plagioclase and hornblende). (3) appear¬ 
ance of red garnet, (4) change of green hornblende to brown horn¬ 
blende. and (5) appearance of p)Toxenes. especially hyiierslhene. 
Retrograde mctaniorphbm must again be considered; for example, 
epidotc and chlorite in amphibolites may be retrograde. 

.Mineral zones can be mapped in impure calcareous or dolomitic 
rocks, akhougli moderate variations of chemical composition may re¬ 
mit in misleading variants. The foUowing changes may be ,i$eful: 
(I) reactions of chlorite, muscovite, and carbonates to biotite and 
epidotc (or w)i.rite). (2) appearance of hornblende, (3) disappearance 
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of epidoto (to form plagiod&se and hornblende), and (4) appearance 
of pyroxene. Garnet is commonly present in all but the lowest grade 
zones. 

Recriono/ zones of rexfurof recenstltwt/eA. Metamorphic rocks that 
have similar mineral assemblages over broad areas may be zoned on 
textural clianges. Crain sizes, for example, can be used to subdivide 
low-grade metashales into zones of slates, phyllites, and schists. Zones 
can also be based on the progressive granulation and concurrent re- 
crystallizatioo of coarser-grained granular rocks. An example of such 
a project is the division of chlorite-zone rocks made by Hutton and 
Turner (Hutton and Turner, 1936; Turner, 194S, p. 38). 

Structuraf zones. Some rocks that were originally homogeneous over 
a given area can be zoned on the basis of progressive structural 
chwges. Zones can be based on geometric forms of folds (Section 
15-7), sizes of folds, degree of shearing or breodation of primary fea¬ 
tures, or spadng of shear surfaces in massive rodcs. Assemblages of 
several structural and textural characteristics can often be used ef¬ 
fectively. Sutton and Watson (1951) have described an example of this 
type of mapping. 

Zonas of centoet motamorphigm. Contact metamorphism of fine¬ 
grained rocks may produce textural and mineralogicat changes that 
can be mapped in s»ea The first appearance of small porphyroblasts 
or aggregate mineral knots can be used to draw the outer contact of an 
aureole in slates or pfayUites. An Inner and an outer zone may be based 
on the change of the spotted rocks to tou^ homfelses or mica-rich 
schists. In some cases, an innermost zone of feldspathic veining or 
permeation can be plotted. The zones can also be based on the ap¬ 
pearance or disappearance of minerals; some possibilities in metashales 
are; chlorite, muscovite, red-brown biotite, andalusite, garnet, stauro- 
Ute, cordierite, and sillunanite. 

Contact aureoles in basic rocks con be mapped as either textural or 
mineralogica] zones, or both. The outer contact of an aureole can 
often be drawn where low-grade schists and related rodcs have been 
converted to tough, fine-grained homfelses. An inner zone can sonve- 
times be based on increased grain size, as the first appearance of 
megascoj^c hornblende and pUgioclase, or the appearance of fdd- 
spathic veins. The mineralogic changes described tor regionally meta¬ 
morphosed rocks can also be used to map contact zones. 

Contact zones can be based on calcareous and dolomitic rocks, 
althou^ the appearance of key minerals may depend on small differ¬ 
ences in composition. Some possible mineral appearances are; wolla- 
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stonite in sandy or cberty Umestooas, tremolite and then diopside In 
siliceous dolomites, epidote and then limO'rich garnets in argillaceous 
limestODOs, and pUogopite in argillaceous dolomites. Zone patterns 
can be complicated greatly by the Introductioo of substances along 
fractures or crush zones. An example of the use of mineral zones to 
develop a pattern of progressive metasomatism is given by Burnham 
(1959), who based three zones oo the successive appearances of 
monticellite, ktocrase. and garnet. 

15-14. Migmatites and Related Rocks 

Various mixtures of granitic materials and metamorphic rocks have 
been classed as migmatiU (literally, mixtore-rodc). Some geologists 
have used the term broadly while others have restricted it consider¬ 
ably; it is a term that has been dedaed on both descriptive and on 
genetic grounds. Unless the term is defined in a restricted sense 
for a particular proiect, migmatites might be considered a broad class 
of rocks that can be subdivided and given more specific names. Meta¬ 
morphic rods tliat carry macroscopic veins, pods, or other small bodies 
of granitic rock can lU called veined rocks (veined echist, veined 
granubte). Metamorphic rocks peppered with grains of feldspars and 
quartz can be called permeated or feldspathUed rocks (permeated 
tchiei, feldepathixed quartzite). Intermediate cases can be given such 
names as oeined permeated schist (Fig 14-2). Mixtures consisting of 
a granitic rode host with fragments or relia of metamorphic rocks 
can be mapped as granitic rocks, perhaps as an indution-ri^ or con¬ 
taminated frdes of a given phiton. Genetic terms such as infected 
adifrr, zone of ntetasomatic veins can be used where evidence is ample. 
Many migmatites, howeves, have formed by complex oombinabons of 
the following processes; injections of magma, partial melting or solu¬ 
tion of country rocks, local metamorphic segregation, granitization by 
extraneous fluids, granitization by difiusion d ions, and gross move¬ 
ments of mixed materials. 

Migmatites can be related to intrusions, deformations, and other 
events by mapping them as overprints on basic lithologic units and 
structures. Mapping should be based [wimarily on amounts of granitic 
materials, although symbols and patterns can also show structural types 
(Fig. 15-15). The compositions of veins can also provide a means 
of classifying different kinds or ages of migrtubtes. The granitic ma¬ 
terials can somebmes be classified genebcally. In|oction, for example, 
produces such effects as dilation of older stinctures, matching vein 
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Hf. 19-lft. Stnictural vatUties of migmatites, with ioicstt thowing pottenis that 
aiay bo plottad In color oa field dtects. Tbe Ieft*h*ad and middle amnplM are 
from the Feather River regioii, Calif., and tbe other b from Nabashire, Soodond. 


walk, bending and breaking of septa in veins, moved inclusions, for¬ 
eign inclusions, and planar fabrics that are parallel to vein walls but 
not to tbe foliation of the adjoining rocks (Figs. 14-3,14-^, atvd 14-0). 
Metasomatism may be indicated by proof of lad: of dilation of walls, in¬ 
clusions (skialiths) in place, relics of former textures and structures, 
gradadooal contacts, and mafic segregations at or near the contacts of 
veins (Figs. 14-3, 14-8, 14-9£, and 14-OF). Metasomatism is indi¬ 
cated strongly where vein materials are closely related to the composi¬ 
tions of the rocks in which they occur. Veins in metashales, for exam¬ 
ple. might contain abundant potassium feldspar, mica, and garnet, 
whereas those in adjoining amphibolite layers consist mainly of plagio- 
clase, hornblende, and pyroxene 

Observations should also be made on deformatioa structures asso¬ 
ciated with ffligmatites. The contrast between the angular appear¬ 
ance of some veins and the complexly (bided, plastic appearance of 
others indicate Important differences in the histories of rock masses 
(Figs. 15-15 and iS-l&A). The irregular rotation ('swimming") of 
schist relics may suggest deformation of soft, perhaps partially molten, 
granitic materials (Fig. 1S-16B). In contrast, deformation of solid 
veins tends to produce slipping-out. boudirrage, and rodding (Fig. 
1S-16C and D). Extreme post-vein deformation may yield porphyro- 
clastic schists or phyllonites. Sequences of structural types can in¬ 
dicate that deformation went on concurrently with vein formation. 
Maps of deformatioo structures may show that the migmatites moved 
as gross plutonic bodies, perhaps intruding less mobile parts of a meta- 
rTKirphic terrain. 

The original definitions aitd descriptloas of migmatites given by 
Sederbolm (1907, 1926) are particularly irutructive. Read (1931) 
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Hf. 15-U. Drfonnod graoiMc vdn in siigniaHtet. (A) EntnilAike (ptyiCmaUc} 
fokb in vrint that teicctcd (aided bloUtic granalitc»i noor iDveneos, Scotland. 
(0) Bolls and iwirk of compledy deformod schist and betcrosemous gnmite; 
northeast thotc of Loch Ness. Scotfawd. (C) Slip-lolded granitic thee* In biotltk 
ranulltcs; near Bettyhlll, Sutherluad. Scotland. (D) Boudins of granito in bio- 
UUc sraaullles, with iiucrt diovrlnf "striog-of-boadt'' {small rods) l)iDg acroa 
foliation. Sum aras as C. 


and Crowdo’ (1959) have described terrains where migmatites were 
treated as cartographic units. 
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APPENDIX 1. CHECK USTS OP EQUIPMENT 
AND SUPPLIES 


A. rOA CtNElUL 

Adhesive tape for labeling 
Aerial photographs and indesea 
Borocneter 
Base maps 

Camera, Gbn. ami eccesaorlea 
Canteen 

Cement, oelluloae 

Chemicals, as required for st a in i n g 
and other tests 
Cold chisels 

Color perwdi, waterproof 
Coloted tape or paint for maHdng 
outcrops 

Compass, Brunton or other 

Clinometer (or Brunton compass) 

Drawing board 

Eraaen for pencib 

Erasers, mft and hard, for drawing 

Field case for maps and phetograplu 

Field idassee 

Field notebook or note paper 
Ctain'tlaa cards (Section 1S>3) 
Heaimer, smafl. tot trimming foedls 
Hammer, geologist's 
Hand Ions 

Hand level (or Brunton compass) 
Hydrochloric add, ddute 
Ink, blade, waterproof 
Ink, colored (red, greerr, blue, farowa) 
Iidcs, colored, opeque. for marldng 
photographs (Sectioo 5-10) 
XnapMck 

Latex, liquid, for foeril caste 
Lettering Sat 
Looaeleaf folder 
Magnet, podeet 
Mkro ac op a , bdoocokr 
Mineral hsrdnrtw set 


oeoiooic wOtK 

Needles, for marldiig photographs 
Paper, croas^M 
Paper, scratch 

Paper, soft, for wrapping fossils, etc. 
Paper, tracing 

Peep-si^ alidade and tiaveiae board 

Pen. beQpolat 

Pee, cootour 

Pea. drop drcle 

Pen holders 

Pen points, assorted 

Pen, ruling 

Peactls, assorted, 3B to 9H 
Pend) podeet-ctlpf 
Pencil pointer or sandpaper) 
Plaittc. liquid (for fotsds, etc.) 

Pocket btife 
Proportional dividers 
Protractors 
Reference library 
Sample bags 
Scale, plotting, 0 la. 

Scale, triangular. IS to S4 io. 

Slide rule 

Snake bite kit 

Specific gravity bakoee 

Specific gnvity Uquidi (Sectioo li-S) 

Stereographic proiecHon net 

Sureoseopee 

Straightedge, sted 

Tabka, mathematical 

TaDy counter 

Tradng sheets (as for pboM ovedays) 

Triaegles. drawing 

T-aquire 

Ty p e w ri te r 

Watch 

tar 
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Alidade with adjutting pin*, Mft bnuh, 
and set«w drtvar 
Bean cooipaa 
Dark i^mscs 
E nuen 
Field gbnea 
Field iwtebookt 

Flagginx foe signalt and po<iit matken 
Keel (crayocu) 

Lumber (ne xifpMda 
Manufacturer's instruction hook 
Natli. asBorted 
N'oedles for marking points 
Riper, brawn, foe covering sheet 
PcnciU, £11 to 9H 


Fcncil pointer (file or aandpuper) 
Plane table board in ense 
Plane tabk sheets 
Protractor, large 
Reading ghm (about 9X) 

Hod. stadia 

Scalca, plotting 

Stadia tables or slide rule 

Straightedge, steel 

TaUea, inalheinatical 

Tape. 6 ft 

Tape, steel, 100 ft 

I'mciog paper for 9.point locations 

Tripod. Johiuon, with cap 

Wire for signab 


C FOR COHTROt SURVtnNO VlTITN TRANSIT AND TAPS 


Aerial plwtographi 

Eplsemeris, solar 

Erasers 

Field glascu 

Field autcboolES 

Ffaggiiig for itgnab 

Hand level (or IlninCoD cos u i mss ) 

Hatchet 

Keel (etayons), red and blue 
Luoiritlimx, T-pfaeo 
Lumber (or signab and stakee 
Nails, assoeted 
Paint fur signab 
PainI brnsbes 


Paper for computations 
PeticOs. IH to 9H 
Pbers with wire cutten 
Plumb bobs for taping 
Rending glass (about Sx) 

Rod. Philadelphia 
Slide rule 

Tape, steel. 100 to 300 ft 

Taphig pins 

Taping scale 

Taping thermometer 

Transit with tripod and phunb bob 

Wire foe stgnab 



APPENDIX 2. ABBREVIATIONS FOR FIELD NOHS 


The abbreviations suggested here are only a few of many possibili¬ 
ties. Most words of six letters or less are omitted because little is 
gained in abbreviating them. Meanings can be clarified in some 
uses by capitalizing the first letter of nouns. A more complete list 
has been given by J. G. Mitdicll and j. C. Malier (1957, Suggested 
abbreviations for lithologic descriptions: Bulletin of the Ameriam 
Association of Petroleum Geologists, v. 41, pp. 2103-2107). 


ulnindant 

abnt 

sdcolar 

adc 

aureS*t« 

Aggr 

ttmoiphous 

amor 

■woont 

Amt 

anale 

d 

animbr 

ang 

anderitfl 

And 

onhednl 

anbed 

anhydrite 

Anhy 

approximate 

approa 

•mtaceoos 

soan 

•rfflleceooa 

«nt 

artcodc 

arh 

aipholUo 

asph 

average 

Ave 

bedded 

bdd 

bedding 

Bdg 

bentonite 

Bent 

biobte 

Bio 

biluminooS 

bit 

bovlder 

Bldr 

brachiopod 

Brach 

calcareons 

fol/. 

carbonaceous 

caib 

cavernous 

cav 

cemeuted 

emt 

chalcedony 

Chat 

daystone 

Cbt 

eoWo 

CM 

conglomerate 

Cfl 

contact 

etc 

cross-bedded 

xhdd 

cmss-bedding 

Xbdg 

craas-lamioated 

xlam 


cryAti 

XI 

cry^ttaflmo 

zhi 

dtameter 

Dlaei 

different 

dif 

dbtemJnated 

dissesn 

dolomite 

Dal 

elevation 

Elev 

equivalent 

eqoiv 

maporlUc 

evap 

espotfure 

Exp 

feld^Mthie 

fsdd 

foliated 

ful 

fonmfnsfera 

Poram 

formetion 

Pm 

fracture 

Free 

fragrmmul 

frag 

gbuconlbc 

gkoc 

granite 

Cr 

gtanodlorlte 

Grd 

graoular 

fr»a 

graptobte 

Crap 

sraywadca 

Cvin 

greenstone 

Crast 

gypeiferous 

gyp 

hematltlc 

hem 


horia 

hoenbleade 

HM 

boenfeb 

Hb 

Igneous 

Ign 

Irtdurioc 

Ind 

ioterbedded 

inibdd 

Intrvdoa 

trur 

Irregular 

beg 

folnt 

Jnt 

lamiaated 

lasn 
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Uanwtootf 

L$ 

regular 

«« 

morimiBD 

max 

rhyoHte 

Rhy 

nMmbcr 

Mbr 

rock* 

Rz 

meluDondale 

met 

rounded 

rod 

mitditoM 

Mdft 

Modtiooe 

Sc 

nuKovite 

Mute 

taiurtted 

ut 

Mphctlae 

Nepk 

accoDdaiy 

toe 

nodular 

ood 

(edlmentaiy 

ted 

ofiUtki 

0«t 

ihala 

Sh 

orthockae 

Orth 

terpeoHne 

Sp 

outcrop 

Otcp 

tlbceoius 

*d 

peUsk 

Pbt 

iilWOne 

Slut 

pertdMtte 

P«id 

tolubla 

aol 

pomctbiUty 

PCfm 

ttalMO 

Sta 

phenocryrt 

Phcn 

ttructure 

Struo 

plKMpiiatio 

phoa 

tabular 

tab 

pltHtodaM 

Pbs 

tcfnportthm 

T 

petol 

PI 

uncenformtly 

Uitconf 

pctphrrltle 

pon>h 

i-aricgated 

vrgt 

probable 

prob 

regetation 

Veg 

pjrUizsd 

py 

vertebrate 

Vptb 

(|uaitc 

Q* 

volcanic 

vole 

quartzite 

Qzl 

xenolith 

Xen 







APPENDIX 3. CHARTS FOR ESTIMATING PERCENTAGE 
COMPOSITION OP ROCKS AND SEDIMENTS 








Prepureci by R. D. Terry and G. V. Chiltngor for Journal of Sedi- 
tnenlary Petrology (v. 25, pp. 229-234, 1965); reprinted os Data 
Sited 6 of GeotUnes. available from the American GeologicaJ Institute, 



Appendix 3 

appendix 3 {Contln»9d) 



2101 Constitutton Ave.. N.W.. Washington 25. D.C. Reprinted here 
by permUsion of the aiithoo at>d the Society of Economic Paleontolo¬ 
gists and Mineralogists. 




APPENDIX 4. SYMBOLS FOR GEOLOGIC MAPS 



Centftet, ihowinK dip 

Comteict, vcfttcul (kft) and ov^rtunvad 

Contact, located appronmately (give bndu) 

Contact, betted voy appratiinately 
Ccadattonal contact (a naw symbol) 

CooUct, projected beneath mapped units 
Fault, sbowlag dips 

Fault, located approximately (five UxnRs) 

Fault, existenoe uncaetato 

Fault, projected beneath mapped units 

Possible fault (as located front aerial photographs) 

Fault, showing trend and plunge of linear features ( D, down* 
thrown side; U, upthrown side) 

Fault, showing relative borheonlal movement 

Theuft faults; T or sawteeth in upper plate 



Fault nones, showing average d^M 


l( 


Normal badt; hachuns on downthrown aide 



II 


Antldlae (top) end syncUite. showing trace of axial plane 
and plunge of axis; dadied where located approximately 

Aatieltne, existence uncertain 


n -.i- Anticline, prabclad beneath mapped units 


1-f 


Asymmetric anticline; steepor limb to south 



Ovefturood anticline (top) and syncline, showing tread and 
plunge of axis 

Overturoed antidine, dmwing dip of axial plane 
Doubly plunging anticline, showing eubninatloo 
VerticaUy plunging anticline 
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2 S Ittverted ((ynfociot]) astfcliM 

2 * — — I -' — MonocHne or flcKure (n homodioe 


27 —«-» Axta] tMnd of tm»ll tMicIme (left) and synckM 


« J- i- 


AxUl trond of folds that are too smtU to plot Indtvtdually: 
peitcms show geoenf shapes of folds hi profile 


n J3 Strike and dip of bedding 


M 

SI 


Strike and dtp of oveitumed bedding 
• Strike and dtp of bedding where tops of beds are diown by 

primary features 

Strike of vertice] bedding; straUgraphlc tops to north 


a ® 

M JL X 
» A 

» + + + 
to -41. JU 


Horisontal bedding 

Uodulatory or crumpled beds 

Strike and dip of bedding, uncertain 

Strike of bedding calafak but dips uncertain 
Strike and dip of foUatSoiis 
Strike of vertical fohatfoos 
Horhtonlal folisbons 

Strike and dip where bedding parallels foliatioa 


41 


Strike and dtp of Joints (left) and vaini or dikes 


Strike of vertical foints (left) end veins or dikes 
4 . ^ Horisoola! fotots (left) and veias or dikes 



Trace (left) and mapped shape of ore vein 

Body of hlgh-grtdo ore, with stlpplee showing well-rock 
alteration 


Body of low-gnde ore 
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« 

« — 

H > 

• — '** 

U -*• 

» ^ 


Mo/i«mJ p/ fiM Gtefogy 
Trend and plunge of Itneatioa 
Veitlcftl iltwabon 
Tread of SorinonUJ Uneodon 
Trend of iMenedfon of clcuvege end bedding 
Trends of intereeclioiu of two cleavages 
Trends of pebble, miiteral, etc., kneoUoos 

Trends of lineMfons tying in planes of foliathxts 

Trends of hnriusiial Uneatioiu tying in ptanes of fotiations 

VotUs] Itneation and foliatfcm 


Me » 

S7 »- — 

SI *-> X 

SI * 

M A 

« • -< 1 - 

n 

B e -6- 

Si ^ -o- 

IS • at 


ACCflSOKY SVMtOlS Id SSAAll.gCALE MAK 
SheNs, vertical (left) and inclined 
Adits, open (left) and tnaccessible 
Trench (kft) and prospect 
Mine, quarry, or ^oiy bole 
Sand, gravel, or clay pit 
Oil well (left) end gas well 

Well drilled for oil or gas. dry 

Welk with shows of oil (left) and gas 

Oil or gas well, abandoned (left) and shut in 

Water wetk; fiowlag (left), nooBowing. and dry (right) 


“Clb 

tftsss ss> o 
u ^ :=cz 


ACCIttOtV STAUOiS KM lAMf4CAU AUTS (pMM •• leab) 
dory hole, open pit. or quarry 

Trench (left), open cut. and pit (right) 

Portal of toBod os adft, that on right wMb open cut 
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Dump, showing trade 


n ee nm 
n X Si 

73 0 s 

74 OD 



Shafts at surfae*. vertical <l«ft) and 

Shaft extending through a las«l (left), and bottom of shaft 

Inclined ibafl, with chevrons pointing down 

Raiiw or winze, bead (bft) and foot 

Raise Or winze extending through a level 

Level wodcing. showing ore chute <left) and ina>eceasible 
area 

Lagging or cribbing along woriUng, with Slled area to tiglit 

Drill holot, horizontal (left) and Inclined at 90* (ihowhg 
horizontal projection of end of hole) 


Nott; map symbob used for topographic, hydrographic, and cultural faaturea 
are explained and illustrated in e^r on the folded sheet ‘'Topogniphic Mape," 
free on apphcaiion to the Oiraclor, U.S. Geologicol Survey. Washington 25. D.C. 






APPENDIX 5. LITHOtOOK: SYMBOLS FOR CROSS 
SECTIONS AND COLUMNAR SECTIONS 



■HI 



Atwclmfen 

XL OlMi tm Atn 

ilMMimk 

tt.Ut*IKk 









































APPENDIX 6. ISOGONIC CHART OF THE UNITED STATES 
AND NEIOHRORING AREAS 



indWon- The ioUd bnes show the amouat ot the fecal raagnetlc declinatfoo in IRRO; the dashed lines show 
ibfe chanite In declinaHoo for each ytu. At (he sotitbem tip of Texas, for example, (he decliiwition in 1960 
' east of true North; in 1970 It wiU be 9* SiT > (10 X or 8* 30- E. Source.- /sofoufc chert of the Uf 
I. U.S. Coast and Geodetic Survey C3un 3077. 1960. 



APPENDIX 7. TABLES OF NATURAL TRIGONOMETRIC FUNCTIONS 
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APPENDIX 8. EQUIVALENCE OF SOME UNITS OF WEIGHT 
AND MEASURE 


Underlined fibres arc exact; others are rounded oil. Condensed 
from Letter Circular 1035 (Jan., 1900) of the U.S. Department of Com¬ 
merce, National Bureau of Standards, Washington D.C. 

1 in. « 0.0633S ft; O.OSTTS yd; ^ cm 
1 ft • 18 In.; 0.0081 rods; 0.3048 m; 0.0001884 ml 
1 yd - 3 ft: aOM cm O.lSlS rods; 00008688 mi 

1 m «iOOO imn; 100 cni; 10 decimetm ddtamMm; 0.01 hertometenc; 

0.001 Tern — - — 

1 m • ».S7 far.; 3.8808 ft; 1.0038 yd; 00006814 ml 
1 fathom B 8 ft; 1.8288 m 
1 rod > IW in.; 16.5 ft; 5.5 yd 
1 chain - 100 li^80 ^0.0185 mi; SailT m; 

1 mi • aSO ft; 1760 yd; 3^ nids; IWO^ m; 

I nautical ml > 8078.1 ft; 185S m 

1 tq tn. • 84518 sq cm; 0.00604 sq ft 

1 sq ft • IM sq in.; 81111 (•( yd; 0.0039 sq m 

1 sq yd B 1898 tq tn.; 9 sq ft; 0.8561 ki m 

1 »q m B 1551 sq In.; 10.76 sq ft; 1.190 sq yd 

1 acre - 43;^ sq ft; ^ sq yd; 0.4<» hectares; 000166 sq mt 

1 aq ml B M acres; 259 hectares 

1 cu cm ■ 0.0610 eu ict.; 0.000001 cu m 

1 cu in. B 0XW05787 cu ft; 16087 cu cm 

1 eu ft - 1728 eu tn.; 0.03704 cu yd; 00263 cu m; 7.480 gal (U.l) 

I eu yd • 46656 cu tn.; 27 en ft; 0.7645 cu m 
I cu m B 35015 c« ft; I.OT9 cu yd 
1 gal (U0.) - 251 cn in: ^ 8 «: 0.1337 cu ft; 8785 litres 
I liter • 61.02S~cu bs.; 0.2642 gal (U0.); 00353 cn ft 
I acre ft « 43560 cu ft; 325851 gal (U0.>s 12330 cu m 
1 os (avoir.) b 4370 grains; 28050 grams; 0.0625 lbs (as-olr.) 

1 gram b 15.432 graiiMt: 0.03S27 os (avoir.): O.OOS20S Ihs (ovoir.) 

1 short (net) ton • 20IM fem 0.9072 metric ton; 00939 long (grom) ton 




APPENDIX 9. PROTRAaOR FOR INTERCONVERSION OF 
TRUE DIP AND APPARENT DIP 


DIRECTIONS 


True Dip « dip m«as\ired in the field. 

Direction or Divergence Angfe » nngle between strike and direction 
of cross section. 

Apparent Dip ■ inclination in the plane of cross section. 

To determine the apparent dip, set a straightedge (or fine line drawn 
on a strip of celluloid) to pass througli the lower ri^t comer of the 
grid (point 0) and tlic point of intersection of the lines reproenting 
the troe dip and the direction angle. Read apparent dip on the 
graduated arc. 



A 
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Copyright, 1925, b>’ W. S. Tangier Smith; copyright renewed, 1953; 
reprinted by permission. 
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Index 


Pkg« nombwa io boldface type refer to figure*. 


A* Uve. £50 

Abbrevlatioat for field note*, 8, 339 
Abetmcts of report*. IBS 
Adeoydlite. 376, 277 
Adit, of mine, 175 
Adlustmcot*. of alidade. 93. 94 
of beroroeter (akiroecer) reading*. S6 
of Bnmtno compasi, 34 
of centred network*. 12S 
of radial lioe plots, 166 
of traverse*. 54 

Aerial photograph compilatiaas. 154- 
160 

from controllod photographs, 163 
crocs section* from, 157, 169 
marking and transferring points for. 
161 

muteriab for, 160 
plotting control for, 162 
RMlial line method for. 159 
traoffnrlng details for, 167-169 
from uncontrolled photographs, 165 
Aerial photograph projects, preparations 
for. 154 

Aerial pho to gr a phs, compilations from, 
154-169 

computing scale at any elevation. 
65 ^ 

cross scctiOBs from, 157, 169 
determining s\-crage scrie of, 61 
determinins eiact scales of, 81 
distuition of, by relief. 76 
distortion of, by till. 75, 165, 166 
geologic mapping on, 84. 155 
inking. 85. 107 
kinds. 73 

locating poinU OO, by bearinp and 
pacing, SS 


Aerial i^ioiagnphs. locating pniius on, 
by tnspectkn, SS 
marUr^ points and Uncs on, 84 
overlap* of. 74. 155 
plane table suri'eys on. 150 
plotting north arrows on. 63 
rectified to correct Uk. 150 
in selecting central ftationc, 116 
stereoscopic viewing of, 77 
in traufetring fearorcs to map*. 85, 
150 

Age (of geologic time), 211 
Age relations. 3. aro ofio Intrusive se> 
({ucsice. Stratigraphic seeiuencc 
Agiriamgrate. 255 
Agglutinate, 255 
Ahrens. L. H., 181 

Alidade. M« Peep-si^l alidade. Tele* 
scopic alidsde 

Alluvial deposits, mapping. 245 
Alterations of platonic igneous rocks. 
291.292.263 

of volcanic rocks. 257. 261. 265. 260 
Aheralion sane* as map units. 274. 293 
Altimeter, aee Barometer 
American Comnibiswn M Stratigraphic 
N'omemfaturc, 210 

Americao Ceologicnl Institute. 188, 332 
American Society uf Ptiotograrametry, 
74.154 

AmpfaiMile. 300, 302 
Amygdales, 260 
Anderson, C. A„ 266 
Andeslle, 254 
Amiethosile, 276 
Aplite. 275 

Apparent dip. used in sectiont, 46, 362 
Areal groloi^ mapping, see Mapping 
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Annlte, Slfl. 217 
ArviUMc. 219 
Aih. volcanic. 350 
A>li>0ow depntlu, 206 
Autolitha, 285 
Axial pkne duavnga, 311 

Bod:, in mine wodcinip. 175 
Dudiiahl odvDUtlcn. 100.140 
Bodticy. P. C, 45, 227, 317.318 
Dailey. £. B.. and W.). McCaHkni. 269 
Balk. Robert. 289. 290 
BuiKted piciu. 300 

Banding, igneous Dow. 263. 279, 267- 
280 

Bonncler (altimeter) 
cuntrol aurvcyr with, 123 
vnrmtiiig readfaigi Iron. 56 
locnting point* <w base mop with. 55 
li-sUuK, 58 

Bnsdt. 254, 257-282, 268 
Baaanko, 255 
Base biKS, OIA 114.110 
nxaMiring, 119 
Bose inapt. 40 
eiibrging. 49 
features plotted on, 57 
lucnting pniuU on, 51-57, 86-90 
plantnwtrtr, 40, 50 
preparing for Acid, 50 
aealei of. 49 

irribing tecliokjocs on, 50 
sources of. 50 
(Dpugrapliic. 49 
Broniun arc, 93.1(M 
priKeduN* witb, 106 
Reunwn's rules for three-point locatloni, 
145 

Dmrrnx linrs, 22 
on aerial plmUigrs{dis. 83 
fw locating pointr on mapt, 51^3 
Beddins. from bedding fab^, 226 
ideoUfying in outoop, 33 
mcaiuring altitude of. 28 
in metamorphlc rocks. 302 
i>-nibols for, 235. 335 
Bedding dravago. cempond to beds, 
222 


Bodding cleavage, In shale, 219 
Beds, 222 

animal nMrIrings on, 231 
current direcUonr in. 225. 226, 227. 
228-230 

cut<and-AII structures in, 228, 233 
cyclic and rhythmic repetitions of. 
223 

deiiceotion marks in. 231 
fohric of. 226 
Intemo] features of, 225 
lava flows. 251-253, 257-262 
in motaiMiphtc rocks. 302 
of pyroclastic rods. 265-267 
sets of. 223 
shapes of. 223 

stratigraphic top* of. set Stradgruphlc 
sequence, detartniniog 
sorfacet between, 228 
Bcncimite bods 266 
Bibliography In reports. IBS 
Billinp. M. P.. 62 
Biohem. 15 

BkMtratigraphlc units, 211 
Biostrome, 59 

Birdseye, C H.. 132. 144. 145 
Bishop. M. S., 207 
Blocks, volcunic, 255 
Bombs, volcanic. 255. 856 
Bouchard. Horry, and F. H. MoilR, 109. 

123. 135, 134 
Boudins, 313,334 
Bradley, W. C., 246 
Breccia, sedimentary, 2IS, 219 
volcanic, 255 

Breccia pipes and necks, 209 
Brunton Pocket Tnuuit, 21, we also 
Compass 

Bureau of Land Management, linos on 
aerial photographs, 81, 88 
township system, 19 
Burnham. C. W.. 322 
BnA, H. C., 45 

Calcurenite. 220. 221 
Carbonate rocks, 220. 300 
Cartographic units, 5^ 209 
of metomorphic rocks, 297, 819. 322 
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rucks, 273 

of susficiol deposits, 243 
of vokonic rocks, 2S2 
Cstackstic rocks, 299, 301 
Ceroents fsi sedimcnUry rocks, 213, 216, 
220>221 

Chamberlin, T. C. 2 
Chart, isofonlc. 339 
Charts foe cstlmadoK composltlens of 
rocks, 332 
Chert. 217 
CloyslOBe, 218 

ClMvasos in metomocphic rocks, 306, 
311-313 

In sedimeotary rodes, 219, 222 
Clloometer, meocuilng dip with, 28-31 
mcasuriog vertical onglm with, 25 
Cloos, Erast. 307 
Clooa, Harts. 290 

CoosI and Geodetic Sorvey, U8., 11^ 
131. 132 

Cognate ofecta. phitonic, 257 
Cognate xeooliths, 285 
Coleman, R. C.. 277 
Collimation marks, 161 
CoUlm.). 173 

Colluvium. 245 
Color charts, 216, 247 
Colored inks for aertel photographs, 160 
Colored pooeik. on aeritl photographs, 
80 

uses of, oo hose maps. 66 
Color Indoi. 277 
charts for estimatiog. 332 
Coloring iUustratioas. 200 
Colors of sedimentary rocks. 216 
in logging drdl holes. 244 
Colors of ootk 247 

Columnar Mots, in basic lavas, 280, 281 
In Ignhnbrites, 266 
In iniruskms. 268, 269 
Colurnnor sections 
compiling. 48 
in reports, 80S 
thldccseues for, 47, 840 
Compels bearings, 22-24 


21 

care and odjuaisncnts of. 34 
os bond level, 87 

locating points on aerial photngiaphs 
with. 83 

locating points on base maps with, 
Sl-57 

measuring hearings with, 83 
measuring stratigraphic secUoes with. 
236, 239 

measuring strike and dip with. 88<^ 
measuring trend and plunge of linear 
features with, 33 
measuring vertical angles with. 25 
repairing, 34 

sketch mop of control network vrith, 
118 

iravenlaf wfdt. 36-44, 54, 236 
used oe traverse board (os peep' 
sight abdade).88^ 

Compass traverse. 36-44, 54. 836 
Compilntioos from sivial photographs, 
sotf Aerial photograph compibtlont 
Comploc geologic relations, interpreting, 
2 

Cooputatioos, of aerial photogiaph 
scaleo, 61. 83-64 
of bearings. 128 
of 129 

of di ffe ren c ta in elevations, 28,27, SO, 
127 

of giadienter readings. 110 
of stadia ineasurements, 103,108 
of stntignphic thickneises, 840, 241 
of Iransk traverse data, 134 
of triaaglex. 125 
Conglomerates, 215, 219 
Contact metamorphic soneo, 321 
Contacts, 58 
described in notes. 12 
flagging for plane table mapping, 141 
gradatioaal, 84 
of hybrid magmas, 280 
mapping oo hose maps, 60-70, 00 
of plutons, 277. 280. 281 
within plutoot, 279, 284. 288 
poorty exposed, 61 
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Conucu, protection of. 02 
Contour iatcr^-al, ctioosins. 141 
ConUwn. »««recy of on qnadnncle 
tnafw, 53 
drawing, 149 

on eerlol phoUignpli!!, ISl 
In detailed mrvc)'), 171 
Control networks, 113, 110 
Control points, plotting on plane talilc 
sheets, 138 

Control iigDali, for locations with a 
compass, S3 
for precise tueveys, 118 
Ccmtrol Mtlom, la detailed furvnys. 171 
io mines, 175, 177 
selection ol, 110 

Control survey data, sources of, IIS 
Control surveys. 113 
finr aerial photograph profocts, m 
by alidade and plm table, 133 
fm detailed studies. 171 
fo* stratigraphic msosureincots. 238 
by iranstt'tape traverses. 133 
by Ifiangulatlon. 114 
Convenioa of uolti of weight and mens* 
use, 301 

Coordinate syttems, 129-132 
Coquinlte. 231 
Com. dfllMiole. 173, 243 
GometioM. of barometric reodiags, SO 
for curvature aad refraction, 127 
for magnetic declination, 22, 339 
of taped dMaaces, 130-122 
CorrrleUnn, bthic (of rock units), 59 
using fossils, 89. 211-212 
Craftint, 200, 204 
Creep of mi) and mantle, 
effect on sHilude of beds, 33 
In mapping concealed contacts, 01 
Cross-bedding. 222. 223, 225. 235 
in metomorphlc rocks. 3M 
CiDsscut. in mine workinp, 175 
Cram sections, geologic 
from aerial photographs. 157. 109 
compciskig on plate with map, 202 
drawing fiiul copy of, 44-47, 204 
for field sutranaries. 71 
from plane table maps, 152 


Crom scctioai. at qnany fneoa, 178 
rules for orieoUitlon of, 45 
•election of, 45 
from irasurM mape, 44-47 
Crowder. D. P., 324 
Crowell. J. C.. 228. 230, 231 
Cunent directions from sedimenbuy 
features. 225, 226. 227. 228. 228. 
230 

Current ripples, 223 
Curvature and rofracHon. corrections 
for, 127 

Cyclic bedding, 223 
Ondto. 254 

Declination, nugnetic. 22, 338 
DelkicaUng foatums on aerial photo¬ 
graphs, 167 

Deskcntlon features in sedbuents, 231 
Diagrams, fence, 205 
Isometric (asonometric), 167 
parrel. 206 
penpecMve. 196 
Afftograpbic, 198. 317, 318 
DinnMnd drilling, 173,184 
Difference in elevation, 
whh barometer (alttineter), 55.123 
by levebrtg with hoisd level, 27 
by leveling with transit. 123 
by Aadia, 103,105 
hy Aepping methrrd, 110 
from vertical angles, 28. 90, 127 
Differential leveling, 123 
Ddres, Plutonic, 278,278.881,284,388, 
291. 292. 293, 323-324 
vokanle, 268 
Dlorlte. 278 
Dip, Initial, 222. 250 
Dip of beds. 26-33 
plotting. 42 
Dip pro tr actor. 362 
Dhton. W. J., aikd P. J. Massey. 178 
Dolosnitic rocks, classifying. 221 
Domes, volcanic, 263 
Drafting inustrations, 185, 190. 201. 
205 

Drag oa faults, 68 
Drag folds, 314 
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Drawtog deUlUd mp* afid Mcbon*, 

SOI 

Drawing matbods, IM 
Drawings, duplication of, 196 
in field notes, 10 
in repotts. 197. 198 
Drift, in mine wwklngs, 175 
Dr{l)i 2 «. in detallad studke, ITS 
diantond. 173 

Dunbar. C. O.. and John Rodgers. S09. 
2S0 

Dunite. S76 

DupHcetlon proceases for Uhistrattou, 
198 

Eardky. A. 74 

Efevatkio, difference in. sea Differrawe 
In eievatioo 

Elevation of Instrument. 106. 106 
EntrendUng tool, folding. 173 
Epoch (of geologic Umo). Zll 
Equipment, field 

(or aerial photograph oompikHom. 

100 

for compass traverse, 38 
(or control surveys with transit, 3S8 
(or general geologic worh. 5, 327 
(or mapping on photographs, 80, 327 
for tniite mapping. 174 
for plane table mapping. 323 
for taplitg baae Une, 119, 121 
for trimming fossils, 16 
Error of closure, S4 

Errors permissible in plane table map¬ 
ping. 137 

Errors of plotting on plane table. 133 
Estimating posiUons on a map, 33, 145 
Excavating and cleaning outcrops, 172 
Estrasive todcs, SM Volcanic rodes 

Fabric, of metamorphlc rocks, 283.298. 
305-307. 309-313 

of plutonic igneous ro^s, 232-285, 
286,267-289 

of sedimenUry rocks. 215, 226 
of volcanic lodts, 2S7-260, 262-265. 
266 

Face (braast) in mlira workingl, 175 


Fades, in detecting uncanformiUes, 233 
in establishing stratigraphic uniu. 212 
in phitona, 274 
Pakbalm, H. W,. at al, 181 
Faults, d^Scation of. by attitude. 282 
details ta outcfopa, 67 
disrirtgulshing from nacaaformllies, 

232 

evidence for, 67 
examining in mines, 177 
mapping. 67 
in phitons, 279, 290-292 
symbols for, 68. 893. 334 
Faunixottes. ill 
Feswe dlagraim. 207 
Field notes. 7 

on backs of photographs. 65 
deacripUoos in, 9 
orgonlring for report writing. 186 
in stadia mapping, 148 
summariM of, 71 

Plaid work, sdseduling of, 4,70,137 
Flac-graliied detriul rocks, naming, 218 
Flsh«r. R. V.. 266 
Flaser structura. 299 
Flian, Derek, 179 

Flow, solid (metamorphic), 282. 283. 
306. 316 

Flow easts, sat Fhitc casts, etc. 

Flow laytfs, igneous, 286-289 
Flow structures, of baste Isvu, 257-250 
d platonic Igneous rocks, 282. 285, 
286-290 

of sibefe lavu, 262 
m volcanic domes, 264-265 
in volcanic inirusions, 268 
Flute casts. 228 

ptyech figures, sea Load casts, ate. 
Folds, drag, 314 

fohalioos and Uneations to, 309-3X5 
geometric styles of. 307 
kinds of. 307. 311. 324 
primary, in sedJtnenss. 225. 230 
profiles of. 57 
rafoldad. 308. 313 
lUp (shear). 311. 315,324 
fymbols (or. 57,334. 335 
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FatlmlloR», mctamorphtc, 905-30d. 309- 
313 

Fomniaifen, 17, S43 
Fonn*! tfndgnphlc «niu. 209 
Fonnartloiu, 209, «ec nbo Rock unMs 
FoMiU, corrclatios with, 59 
In esiabtuhbg itratigraphtc unitt. 211 
fading. 15 

M Indkaton of lop< of bedi. 234,235 
ts Indlcaton of uncoRtormitlM, 233 
labekng, 17 

in metamorphlc rack*. 303 
names for, 190 
new species of, 191 
Fsacture cless-sge, 300 
Ftactures, oontpieffleolssy (oostiogale), 
310 

hi metamorphlc rodct, 310 
in pbtoiu 

cbusifyliis by ape, 291 
claalfytnf by origin, 292 
Cloos* ^leni of onraing, 290 
Fiyc, J. C, and A. IL Leonsnl, 246 
Falter. R. 262 

Cabbro. 276 
Calr. J. 314 
Gannett, S. S.. 127 
Geodes, stratiird, 260 
Geographic names, in reports, 169 
(or r^ units, 190, 210 
Ceofpaphle pothloai, 115 
Ceolocical Sorvey, 113^ 
conlral data, 115 
Geologic Karnes Cenmittoo, 190 
Map Infonnatioo Office, 50 
names on qaadrangle maps, 189 
Sifgip-stlORS to outhora—. 188 
s^bok used on topographic maps, 
337 (in note) 

lopographle (qnadrangle) maps, 50 
Coolcgic .Names CommlRee, 190 
COben, C M.. 216, 217. 218, 266 
Cittiert, C. K.. 2 
Cilhil)-, jomes, 294 
Glacial drift. 245 

GhiKonitc as indicator of uncoafbmtty, 
233 


GimIss,300 

Cnelaaose structure. 288, 306 
Goldsmith. Richard. 300 
Ciadadonal contacts, 64 
mapping, 64. 96, 280 
new Symbol for. 64. 334 
in pluloiu. 278.280, 284 
Graded beds, 222, 225. 227, 230, 231, 
234 

In meumorphic rocks, 304 
Cradienter screw, procedure with. 109 
Crain tines, cerds for detmahilng, 213 
of metamorphic locla, 299 
of platonic igneous rocks, 275 
of seehmentary racks, 213 
Granite (potassic granite). 276 
Cranirfc roeki. 275. 276, 279, 261, 282. 

284, 288, 294 
Cranodi^o. 270,277 
CranoMs, 300 
Granulite, 300 

Graphic symbok for racks, 338 
Graphs and curves, 196 
Gravel, dassifaation of, 213 
Graywacke, 218 

Crest ctrda. In tbree^nt bcntlons, 
144 

Gteenly, Edwsrd, and Howel Williams, 
03 

Grids, pbttiag on lOustratbns, 203 
polyoonic, 132 

rectangular, constructing, 131 
in transferriog map points. 138 
Groove casts, 229 
Groups, 209 

of pblonic igneous rocks, 274 
Grout, F. F., 178 

Hammer, geoiogitrs, 7 
Hand Ians. 7 

Hand level, difference in devathw with. 
87 

Hewett, D. F., 840 

H. I,, in measuring difference b eleva* 
tion. 101, 103, 104 
Hodgson, R. A.. 56, 123 
Huel. P. G, 178 
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Hoebcber. R. aod C. H. Sprtns«r, 
197, 198. 190 
Hoover, T. J,, 184 
Horizons, ttratigrsphic (ttoM}, 99 
Hotnfels. 309, 321 
Howtrd. A. D., 246 
Hutchiftson, R. 290 
H««ttoo. C O.. ead F. J. Turner, 321 
Hydrofrephlc t>nbob for msps, 337 
(Id note) 

Hydrothcrmsl aUerBUon, 891, 292. 894. 
391 

Hypotheses, in SeU snwHes, 8 
multipk wodeing, 2 

Igneous rocks, see Volcs&fe rods. Ptu* 
took Ipteous rocks 
Igneous rode series. pUiioeic, 274 
volcenk, 253 
Ignitnbtile, 257, 268 
liolite, 876 

IlluttraUoas. coluoinar secUoos, 47-48, 
806 

duplicetloe of, 196 
estlerging end reducing, 291 
geologic mepe. detailed, 201 
geolofic sections, 47, 891 
bnds of. 106. 201, 209 
planning for e report, 199 
prepMstlon of. 47-48. 195-207 
stieU g r ephic. 205 

Inelutions fat plutonic rocks, 279, 280, 
281, 285 

lodes nuipc, 187, 197 
Index minerals, meUowrphic, 320 
Ingram, It L., 224 
Initial dip, of sedimentary beds, 222 
of volcenic rocks, 251 
Inking, Beld sheets, 71 
2nal maps, 204 
plane table sheets, 151. 153 
Instrumcntmen, duba at pkae table. 
147, 148 

Interpolation of eentowrs, 149 
Interpretatinns at outcropa, 2-4 
Intersection, location by, 
with compass and base map, 52 
with peep>sight sUdede, 88 


359 

Intarsection. locatfon by, of plane table 
stations. 132. 139. 142 
prediioo of. with alidade. 133 
by radial linee on photographs, 159 
Intrusive bodies. metamarphoMd, 300 
Intrusive rodcs, see Votcanie rocks, 
Plutonic igneous rocks 
Intrusive sctiuaoce, fat plutonic raclti, 
272, 279, 280-281. 288. 289-290. 
291 

ta wlcanle mcks. 269 
Inverse pondoo computations, 115 
tsugonic chart 339 

Isometric (anmometiie) drawings, 197 

Jackson, C. F., and J. B. Koaebel, 174, 
178 

Jacob's staff. 236 
Johennsen. Albert, 275 
Johnson tripod head, 06 
Joints, eolomnar, 269, 266. 268, 269 
on detailed maps, 171 
by eradooal unloading. 291-292 
in metamorphie rocks, 316 
fat plutonic igDMus rodcs, 299-292 

Keralephyre, 254 
Key b^. as rock unks. 59, 209 
of vdcanic rudis, 252-253, 265 
Klainpdl. R. M.. 211 
Krauskopf. K. B., 260.270 
Krxunbefai, W. C. and J. W. Tukey. 180 
Krutnbein. W. C,, and L. L. Stos^ 209 
Koenen. P. H., 229 

Labding, drill cores, 243 
band i^ecimena, 17-18 
oriented specimens, 318. 319 
well cuttings, 244 
Lahan, 266 
Laminatioas, 882, 224 
Lamprophyre. 275 
Landfonns, in reports. 187 
in studying surBcial deposits, 245 
Landslides, effect on bede, 33 
Lapiai.2S6 
Lapim tuff, 256 
Ladtc. 254 
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LoUludes wid (lep«rtiiT«*, computation 
or, 130 

Latitude and loagitiide, 118.1 IS 
Lava lows, subAciueous. 801 
Lava movatncnt, dctemlnlaK direction 
of. 258. SW. 801. 802 
Lavas, itracturm of, 257-865 
Lava tubes; S58 

Layer structures In phstonic rocks. 836 
Legends (aplanatkuis) on amps, 1S3. 
802 

Lenees in bedded rocks, 283 
Lcntib as rock units, 800 
Leopold. L. B.. and J. P. MiDer, 246 
URoy. U W.. 243 
Lrttcrinf illustmtiont, 800 
LeuciUle. 255 

Level In mine workings. 175 
Lcwlkig wicb transit, 123 
Umestones, dassifyini! and descrilring. 
817. 820 

Linear fastuces (Oneettom), 
ki lavas, 358. 261,202 
measuring attitude of, 33 
In moiasnorplik; rocks, 305, 300,309- 
315, 317 

pkrtting on stereographic nets, 317 
fai pktonic ifneous rocks, 280-235, 
287,289,290 
rsorienting in field. 227 
In MdiciMtitary rocks. 225-230 
Imid and plunge of, 33 
Liomted schist, 296 
List of iDuitrattoes in r^ort, 192 
Lists, um of in reports, 103 
Ulhngenetic units. 58 
Lkholngir symboli. 338 
in cnliisnitar sections, 47 
in ctens socHons. 805 
primed poUcrai (or. 200 
Ulhologic unlit, see Rock unMs 
Load casts, 230 
Lobeck. A. K-. 190 
LocnIil>- descriptions, 18 
Locating polnb on a base map. 51-37, 
88 (see dbo Tnvessing) 

Logging cores. 243 

bating wcOs and drill holes, 242 


Logs from cultiagi, 844 
Low, J. W.. 138 
Lowdl. J. 0., 224. 225 
Lueder. D. 74 

hfcKee, E. D., end C. W. Weir. 823, 
224 

McKInstry, H. E.. 173 
Mackin. J. H.. 205. 894 
Magnetic dechDatiofl. 28. 339 
Magnotk- dip of compass needle, 35. 94 
Magnetic diiturbnnces of coenpott bear¬ 
ings. 24. 178 

Magnetic orientation of plane table. 

100, 140, 151 
Mallory. V. 211 
Map case, 0 

Map grids, amstructlttg. 131, 200 
Map Information Office, SO 
Mapping, on aerial photographs. 73. 84, 
150. 155 (171 

with alidade and plane table, 135, 
akecatioa sooee, 274, 293 
on baM maps, 49 
with colored pendb. 08 
by color Index. 877 
covered onltt, Oi 

current structures, 225-227. 220-829 
daily routine of, 70 
in detailed studies, 171 
faults, 67 

fractures fci plutons, 290-293 
idacfal deposits. 845 
gtadaliooal contacts, 64 
indusloos, 886 
kndfoms, 245 

layen and schlieren in plutons, 286 
by matching stondardisid rock chips, 
230 

meiainorphic sonee, 288. 319 
migmatkes, 322 
by outcrop method, 63 
with peep-right alidade, 88 
pkitonic fabrics, 282, 884 
rates of. K 

by reeaonaismnce methods, 09 
sharp oontacta, 00 
by soils, 01, 246 
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Mapping, by specific iPaviUa, 277 
surficiol ^podts, 245 
undergrouod, 174 
vokanic uaits. 250-253, 207 
Map*, base, 49 
drafting. 201 
duplicating, 196 
enlarging, 49, 201 
grotmd cootrol for, 113 
mine. 174 
plnnimetric, 49, SO 
outcrop or eipMure. 63 
rcGORzinisaanee. 69 
for scriblag. SO 
sketch. 69. 143, 197 
sources of, SO 
topographic, 49 

Map symbols, 57, 61. 64. 68. 293. 334- 
337 

Marble, 300. 302 
Martin, N. It, 290 
Meltdgite, 276 

Members, 209, are etoo Rode units 
Mertie, J. B., 240 
Mctalevas, 303. 31S 
Metamorphic defarmatlon, 301. 305, 
307-317, 321, 323 
In massive rocks, 315 
in migmatltes, 323 
zones of, 321 

Metamorphic foliaiioni and Heteetioat. 

are Metamorphic rocks 
Metamorphic rods, cartographic units 
of, 297 

cleavages to, 306, 309-313 
deformation of. 301, 305, 307-317, 
321.323 

folds to. 307, 309.314 
fbllaUons in. 305, 306. 309.313 
joints artd veios to, 316 
lincetions in, 300, 309-313, 318 
naming, 298 

oriented samples of. 318 
premetamorphic lithology of. 302 
refolded. 308, 313 
stratigraphic sequonee to. 303 
studies of. 296, 305 
teettirea of, 233, 298 


Metamorphic rodo, tooea of, 2S6, 319 
Metaaomtic dika and veins, 278. 284, 
286,322 

Mctasomatlc byerlog, 188, 239 
Metasomatlc rocks. 272. 278, 283. 234, 
292,294, 301.322, 323 
Molaaomstic rones, 274. 283, 322 
MicrofoasOs 

from cores and cuttings, 243 
kinds and occutToooes, 18 
sampling for, 240, 242 
hfigmatHea, 278, 322 
Mine nappiag. 174 
safety rules (or, 178 
by traveraeo, 177 
work sheets for. 174 
Mlae workings, termloology of. 175 
MolBu. F. H., 7< ISO, 154. ITS 
Monronite, 276 
Mortar stiucttue. 299 
Mudstone, 219 
MuCor.S. W., 211, 234 
MunseO Color Conpeoy, 216, 247 
Mykmite, 299, 301 

Nooting rodcs, mctonMrphic, 298,322 
plutonic igneous, 274 
to report s . 191 
ordlmentary, 212 
volcMic, 253 

Nomlog rode uaQs, 190, 209.211, 253, 
273-274, 297-296 
Nephehoe syenfee, 276 
NepbeNnlte, 255 
Neviii. C M., 68 
Nkfceben, R. P.. 313 
Norite. 276 

North, magnetic sitd tree, 22, 339 
North arrows on aerial photographs, 32 
Notabook. field, 5, 6 
for samples. 183 
for stadia mapping, 109.107,148 
for vertical an^ owasoremenls, 101 
Notes, geologic. 7-13,71 
desedptions in, 9 
(or plane table mapplag, 148 
summaries of, 71 

Note nomhers entered on mips, 18, 58 
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Oblique aerial photocropht, 73 
ObeervotiocM at outcro|iK, 7-^ 71, 
aoe. 272. 297 

Offtet ol ii>s(nitn«nt station, 142 
Orbiculet. 285 
Ofe tampline. I79'184 
Olenled sasipla, 14, 8R5.318 
Mentin(t plane (aUe. 100 
OK-illaUon ripples, 288 
Outcrop maps, 83 
Outcrops, (kacriptfocu of. 7-0 
drawings of to notes, 10-11,197 
fitMUng in eoveeed arcsts, 62 
observatioas of, 1-3 
pbotographs of. 10-11, 197 
Outline for descripCioa of rack unit, 0 
Oudlm for licabgic report. 188 
Overlays for color tMxk on aerial photo* 
gnpha.80 

Overlays for cocupillDg serial photo* 
graphs, 162 

Paco, determining. 37 
Pacing diaanccs, 37 
Paliochoc bva. 258 
PalagonHc tuf, 261 
Paxusi dtograiiH. 207 
Parallax correction. 83 
Parka. K. D„ 178 

Pass points for radial lino oompIlaCioo, 

181 

Pthble cootKs, 220 
Pebble gravd, classified. 213 
Pedometer, use in pacing, 37 
Prep'Sfghi alidade, 88 
mapping with, 88 
Pc-gmatites, 275 
Pdlctilc, 221 
Psnrtk, choice of. 6, 80 
Peridotlio. 276 

Period (of getdugic Hme), 211 
Perrin. P. C.. 188 
Pmpectiw drawings, 186 
^trofabric studies. 305.318 
Pitttiohn. F.208.220 
Pbacoidal structure. 289 
Phillips. F. C„ 227. 317. 318 
Phonolile. 255 


Photogoology, 74 
Photogrammetiy. 74 
Photogmphs. sec also Aerial photo¬ 
graphs 

described in notes, 8, 10 
os niustrations in reports, 197 
for pfottisg data at cklfs and cuts, 
172 

Ftwto inderes. 75 
PhylUte, 3W. 312. 314 
PhyUonite. 300. 301. 315, 323 
Pilbw latu. 281. 263 
Pipe oruygMw. 258 
Pitcher. W. S.. 286 
Pitcher. W. and R. C. Sinha, 178 
Planar fabrics, la mettmorphic racks, 
282-283, 288. 305, 308-313 
In phitonic igneous lochs, 262-285. 
286, 287-268 

in sedimentary rocks, 215, 220 
in volcanic rocks, 257-260, 262-265, 
286 

Plane table, 06 

la aerial pliotograph projects, 156, 
180 

detadod mapping with. 171 
geobgtc mapping with. 135-153 
■ncBsurtni stratigraphic sections with, 
238 

precision of plotting on, 133 
setting up ai^ orlunting, 99 
surveying steep cuts with, 172 
tras'cislng with, 146 
tripods for, 96 

Plane table maps, inking end complet¬ 
ing. 151-152 

Plane table pref e ct s . 135, 170 
scabs for. 135.137, 154 
Plane table sheets. 97-96 
aelecting byovt of. 137 
Plane table travexsa, 146 
Planning field studies, 4 
detailed cxaminatioiu, 170 
of metamorphic rocks. 296. 306 
plane tabb projects. 136 
of plirtonfc (gneont rocks. 272 
sampling, 178-132 
of sedimentary rocks. 208 
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PUsoiag BeU studio, trlanpiUtfam 
surreys, 114 
PSast fooib. 16 
Plats, tDWb^p, 8S 

Plottiog, oonuol networks, 191,1S6,162 
strike and dip, 42 
travem deta, 40, 44 
Flimte of Unenr featuso. 33 
Plutonic igneous rodcs. 

age relatkMU In, 272, 279. 278, 280- 
282. 288. 288-280, 291, 294 
altoations of, 281, 282. 293 
co n t a ct s of, 277 
hybrid sones of, 280 
inclusions in. 285 
tayers and schlleren in. 266 
naming, 274 

planar and linear bibrics in, 282 
studies of. 272 
units of. 273 
Packet storeoacope, 77 
Polaris at elongatiOB. observing. 123 
Polyconic grids. 192 
Polymeteoiorphlc rocks, 901 
Poicellanite, 217 
Porosity of rocks, 218 
Porphyries, 275 
Powers. M. C. 815 

Precisian of plotting oo plane table, 139 
Prsnriee, J. E., 226 
Primary structares fai metamor^ilc 
racks. 286. 302-304. 315 
Prints from iUustratlans. 186 
Printed patterns. 200 
ProtodasUe teitures. 281, 282, 283, 
291, 283 

Pratractor, for (ntercoavenioo of true 
and apparent dip, 362 
Pseudoacopic image, 80 
in delineating streams, 167 
Pseudotadiyllle, 901 
Pyroelastie cones, 265 
Pyroclestie rocks, clsssificatioD of, 255 
deposits of, 264 
grains in, 255, 256-2S7 
Pyroeenite, 276 


Quadrilsteeals in triangnlatloo, 117. 

122. 125 

Quarts diorite. 276 
Quartzite, 300. 302, 312, 313 
Quartz kenriop h yre, 254 
Quartz mcmzonMe. 276 

Radial Use method. 189 
Rain, effects on aerial photognpbs. 85 
preparabona for, 7 
protecting plane table sheets from. 96 
Raise, in mine workings, 175. 177 
Ramsay, ). C,. 318 
Ray. ft 0.74 
Read. H. H„ 323 
Reconnaitnutce mapping, 69 
Reconnoltering. control systems, 116, 
118, 137 

for detailed studies, 170 
for plane table prafecis, 137 
to sdect rode units to phitoos, 273 
traverse courses, 38. 54 
Recorder, in survey portiea, 136, 147 
Referencec in reports, tystem for mak> 
tag. 194 

Refolding, 306, 313. 318 
Refraction in measuring vertkel angles, 

123, 127 

Relict ftructuree ta motamorphic rocks, 
302-305 

Reports, geologic. 185 
abstracts of. 192 
blMiogra^iy ta, 193 
clarity of, 186 
form of, 193 
front matter for, 191 
Ohutratioos for. 196-207. ler also 
Ulurintlons 
lists and tables in. 193 
organising and starting. 185 
outline for, 186 
pwposec of, 185 
special terms in, 189 
use of references in, 193-195 
Resection method. 142 
Retragrade metamorphism. 301. 320 
Reynolds, W. P.. 125 
Rhyolite. 254. 263 
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Rlqrthmfc b«ddin^ SS3 

Rippln maria, SS0 

RidSway, }. L,. 197 

RitbBtRn. A., 2M 

Rock diips, used ia mappiii|, 289 

Rock Mines, «M Naming n>^ 

Rock uaita, compared to time«itniU> 
graphic iniB. 212 
conclattng, 56 
dcecrtplions oi la notes, 9 
deicriptJow of In reports. 186, 187, 
199 

general nature of. 58 
infurmnl names for, 210 
key beds, 99. 209 

of metamorp^ rocks, 297, S19-823 
noflgog, 100.209,210 
of piutonic igneoas todks. 273 
of sedimentary roejes. 209 
selecting now anils. 00 
sotficial deposits, (k. 63, 2i5 
of voleaaie rocks, 252 
Rod, stadta, 112 

Rods (loddisg stnictose), 813. 324 
RodmMi, duties, 112, 147-149 
Rmndlng of sedimentary graioi, 215 
Rabble, tedtanenlaiy. 215 
volcanic, 255 

Safety in mines, 178 
Safety in usiag hanmer, 14 
Samples, of alterod phitonic rocks, 208 
bias of. 183 

for bufle composUon, 180 
chaiiwl. 182, 183 
of cons. 248 
of csiRInp, 244 

for dlMribation of M mpntBjnft r, 181 
fossd, 14. 2*0 

marking and numbering, 17, 243. 244 
mictnfossil, 16, 240 
peeking, 18 

for petrofabric studies. 318-819 
oriented. 14. 818 
rock, 13 
serial. 179 

specificaCioca for, IS. 179,188 
spot. 179 


Samples, stratified. 182 
Sampbng methods, 13,183 
Sampling plans, 178. 179. 180, 181 
Sand'Slsc cards, 213 
Sand siaca. claoification of. 218 
Sandstones, classifying and describing. 
216 

Sebenek, H. a. end 5. W. MuUer, 211 
Schenk, E. T. end J. H. McMasten, 
191 

Schist. 300.80S. 310.311 
knobby. 301.309 

Schfstostty (schistose trotora}, 298. 300 
Schllcron in philoalc rocks, 286 
Schmidt profection. 817 
Scientifie method. 2 
Scoria bomb, 256 
Scoria Sows, 256 
Scribing materials and methods, 
on base maps, 50 
00 plane table sheets, 96 
Secondary control points. 140 
Sederfaolm,). J.. 323 
Sedlnwntary rocks, beds and rebted 
■nBn<scaIo structures In. 208. 

238 

colors of, 216, 247 
fabric of. 215 
grain stses of, 213 
logging wells and drill bobs In, 242 
measuring stratignphic sections of. 
238 

ruming and describing. £12 
porosity and pesmaability of, 215 
sotting of, 214 
studies of. 206 
surfictal deposits of. 245 
unconformities In. 232 
Scmischist, 300 

Serial (columnar) sectfons, 205 
Serial samplea, 179 
Series, of plutonic igneous rocb, 274 
la stratigraphic sequences, 211 
of volcaok rocks, 253 
Sets of beds, 222, 223 
Shaft, In mine workings, 175 
Shale. 218, 219 
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Sh«w. D. n.. 178 

Shear Iractores te phttoos, 201-S9S 
Shellk. hbric of in sedimeBt*. 226 
Shelton. J. 26? 

Shrodc. R. R.. 238 
SiUt.268 
Sfhstone. 218 
Sham. 300 

Sketeb maps, of oontrol natwoHo. 118 
for pbne table mapping, 137, 141. 
148 

by reconDaiauace. 69 
Sheiche* In notet, 10-11, 300, 318 
Sklabths, 285 
Slate. 300, 312 
Slaty cleavage, 306, 311 
Slip (diear) cleavage. 306 
Slip (abear) folds, 311, 315. 324 
Sl(^ direction in fedinsents, deterxnin* 
ing, 825. 230 

Slump itnicturea ia aedimenu, 825. 830 
Smith, H. T. U.. 74 
Smith, R. U SOe 
Sods, color charts for, 847 
fai detecting uooonfonnitles, 233, 2Q 
in geologic mapping, 61, 846 
borhsont of, 246 
profiles of, 246 

Sod Survey Staff (U.S. Department of 
Agriculture), 246 
Soler ephemeris, 184 
Sotting ia sedimentary rocks. 214, £19 
%wds, use in mine tnappleg, 177 
SpedBc gravity, uwd in mapping rodes, 
277 

Spechnens, ae* Samples 
SpiHtr, 255 
^itradee in lavas, 261 
Spot samples, 179 
Sledia cofkstant. 106 
Stadia intercept, 103 
Stadia interval factor, 106 
Stadia mapping, 147, 151, 171 
butrumeat stations for, 1S9 
by moving Instrument aroustd rod, 
151 

by traversing, 146 


Stadia measureotenCa, 
compntatloos for. 104, 100 
with gradienter screw, 106 
by hslf intercept, 107 
by level sight. 107-108 
notebook foe, l(Ki, 106-107 
princfoles of, 102 
steps in, 106 

Stadia rod. uses of, 112, 181, 238 
Stages. 811 
Stanley, C. M.. 246 
State pbne coordinate systems. 130 
Staiirtical methods la sampling, 178, 
179. 180, 181. 182 
Steams, H. 851. 259 
Steams, H. T„ and C. A. Macdonald, 
253. 258 

Stebinger screw, 106 
Stepping method with alldada, 110 
Scereopaphic proieclion. uses of. 227, 
285, 283, 317 
Stereo pairs, 77 
Sleremcopa, mirror. 78 
pockat. 77 

Stereoscopic image, 73. 77 
obmining wUb stereoscope. 77 
obtaining without sterensco pe, 76 
Sioket, W. L.. 839 
Slopes. 175,177 
Strata, see Beds 

Stratigraphic horiaons on key beds, 88, 
265 

Stratigraphic ssetioee, measuring. 235 
by Brunton>tape method, 238 
by compass-pace survays, 36. 236 
correctiOfM for slope and ohiiqne 
measures. 240, 841 
by Jteob’s staff, 236 
from map* or photographs, 236 
by plane table methods, 238 
requ i r emen ts for meas u rements. 235 
by transit-tape tr a verses, 238 
Smiigraphic sequence, detemlning. 
in metamorphic rodes, 303. 318-313, 
314 

in sedimentary rocks. 225. 226, 228. 
229. 230. 231. 232. 233 
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Stratlgnphie Kquenos, doi«nnining, to 
voksalc recb, 25S, S58. 200, 261. 
262. 260 

StnUgnphic tojM b«di, M« Stnti- 
gnphlc toquenet. detenntoinc 
Sbatignphic ixiilb, 56, 200-212 
rarntMtinf, 235 

to metainorpbc tcmlnt. 207. 903 
naming, ISO. 209-211 
ol pyroebMc racks, 265-267 
to «tilc«nie tcrratos. 250-253 
Strldtog level, case and adfusbnent el, 
62. 94. OS 
Strike and dip, 25 
meatortog wHh compass, 25-32 
ploCttog and checking, 42 
by thrce-potol method. 91 
where to take. 32 

StnactunJ rones to melanwrphic racks, 
921 

Structvre meps, 188, 167, 202 
Structnres, see Beds, Folds, Paalts, 
Uetoniorclilc rocks, etc. 

Siracturos. described In reports, 187, 

188 

Son con^Mss, 25 
Sur8cia] depotols 
to gesteral mapping, 02 
ktodsol, 245 

reklions to landlceme, 245 
Survey data, sources d, 115 
StiHon. John, and Janet Watson. 921 
Swanson, L. W„ 74 
Syettllc, 270 
Syenudlorlte, 276 

System (as a stratigraphic term), 211 

Table ol Gimlenls to reports, 162 
Table*, use o( to reports. 163 
Tactite. 300 

Tape. Standardisation oi, 121 
Taped distance, corrections of, 120,122 
Taping, on slope, 121 
Uraiigrapfaic scettonS. 238, 296 
wtih tape held level. 116 
Telescopic alidade. 91 
adfustments of, 83, 64 
care ol to field. 95 


Telescopic alidade, geologic mapping 
with, 135 

Intersection with, 142 
Undtol.63 

tioe of collimatian of. 66 
measuring vertical angles with. 101 
resection with, 142 
stadia mapping with. 147,151 
stadia measurements with, 102-110 
three-point locations svith, 143 
triangulation with, 132 
Temperature eorrectioft, for barometric 
readtogt.S6 

for taped dlstarwee, 120 
Tension fractures in plutons, 278, 279, 
2SI, 282 
Tephrite, 255 
Terraces, tracing, 245-346 
Testures, metamorphic, 262, 283. 298 
phitoaic igneous, 275, 263 
relict, to melsunorphie rocks, 303-303 
Tbieknam of beds, 224 
ThickDees ol units, 235-240 
Tbree-polni locsdons with plsme table, 
143 

Throe-point method for strike and d^s, 
31 

Till distortion of aerial photographs, 75 
Tbne-strtiigraphie units, 210-212 
Tfana units (intervals), til 
Tonabte, 270 

Tongues, as rock units, 206 
Topographic mapping, see Plane table 
Topographic profiles 
from aerial photographs, 158 
for cron sections, 43 
Topographic symbds for maps, 337 (to 
noS«) 

Tops and bottoms of beds, see Strati¬ 
graphic aoquence, determining 
Towndkip-raage cadastral system. 19 
Ttochyto, 254 

Transit, measuring vertical anglca with, 
123 

for taptog on tk^, 121 
in traversing, 133. 238 
to triangulation surveys, 113, 122 
Travene board and trfp^, 88 
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Tnvene, «nw ol dorare of, 54 
ggmeral scbeme ef, 36 
fuming, 38, 54 

TnvcnlDg. wttb alidade aod plaoe 
taUa. 146, 238 

writh barometer (aitbnMer). 50 
on a baae map, 54 
with compaM, 30, 54, SS6 
In minea, 177, 178 
with tranlit and tape, 133, 238 
by tumiiui angles. 41 
Trend and plange of hnear features, 33 
Triangle of eror, in intersecting. 52 
In radio! line plots. 105. 160>187 
in three>potot (phoe table) locations. 
I44>140 

Triangles, cotoputations from, 125 
TilangnlatiQn networks, 110 
TriangolaOoa surveys, for aerial photo¬ 
graph prefects, 156 
wtth abdade aod plane table, 138 
computations for, 125 
with peep-sif^t abdade, 90 
plans for. 114 

for stratigraphic ftMasuremenu, 838 
with iranaH, 122 
Tripods, plane table. 96 
True north by observation on Arlaris, 
123 

Tuff-breccia, 255 

Tuff, cktslficatton of. 856. 257 

Tamer, P. J., 321 

Typo locality (area), for rock oaR. 210 
Type section of rode onit. 810 

Ultramylonite, 301 

U n con f ormities, in eohrmnar sectioos, 

47 

evldenee for. 238, 8S8 
stratigraphic dgnifleance of, 232 
in surffdal depotits. 245 
value as coatacts, 59. 70 
in volcanic rodet, 252 
Uoderground mapping, see Mine map- 
ping 

Units of weight and measure, 361 
Urtite. 876 


Varvea, 834 

Vegetation, used to ttuipping. 68, 84 
VeliiS. to metamoiphic rocks, 314, 315. 
316, 388, 384 

to platonic igneous rocks, 290-293, 
894 

tampltog, 181-183 
Vertebrete fossils, 15 
Vertical aerial photographs, 73 
Vsrticsl snglcs, te* Diffoence to eleva¬ 
tion 

VcrtiCBl control for surveys, 113,123 
Volouiic complexes. 253 
Volcanic intrusions 
idsetifying, 267-869 
mapping. 353, 267 
naming. 253 
superficial. 270 

Volcanic tmidfiow depotits, 266 
Voleanle necks, 253.269 
Vokanlc rocks, aheratioas of. 252, 257, 
861, 865 

cartographic units of. 258 
flows of. 257-265 
initial dip of. 250 
intrusive bodies of, 867 
pyrodsstie dspotits of. 86$ 
stratigraphic relations of, 850-252 
uncenfoRttities In, 252 
Volcanic vents, indications of, 865. 267, 
266 

Wtdte, 216. 217 
Walking contacts, 60 
Walks. W. A., aad H. V. Roberts. 176 
Waters, A. C. 253, 261, 262 
Waters, A. C, and Konrad Krauskopf, 
274 

Weito. L. B.. and D. B. McIatyT^ 316 
Wdded tuff. 257, 866 
Wdl logs, 848 

Wentworth. C K., and C. A. Mac¬ 
donald. 259 

Wentworth, C. K., atui Howd Williams, 
255 

Wentworth scale of grain atoes. 813 
Wet weather, preparations for, 7 
Williaine. Howel, 864, 266. 269 
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WdlUnu, Howd. and Halmut Meyer* Wte», ki mine workings, 175 
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WiUlMs. Ilowel. F. J. Turner, md 
C. M. Gilbert. 517 
Wihnerth. M. C., 190 
Wlboft, Druid. G. C. Keroher, ond B. E. 
Hansen. 190 

Wilson. Druid, W. J. Snodo, end R W. 
Kopf, 100 

Wiboo. albert. 013 


Wood, Alan, and A. J. Smith, 229 

Xenocrytts, 285 
Xenobtlu, 279, 881, 885 

Zip-a-tooe. 200,201, 204 
Zoned IndnsiCM, 286 
Zones, akention, 27-4, 293 
of hybrid meigmas, 280 
meUmorphic, 298, 319 
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